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Abstract
This work resulted in a simulation platform and a validated numerical framework,
which can precisely model the packaging material that are made of complex
paperboard composite laminates and predict the material behaviour when it
undergoes processing and converting procedures.
Due to their specific advantages such as flexibility, hygiene, cost-effectiveness and
environmental compatibility, paperboard composite materials are widely used for food
and beverage packaging. The packaging materials are made of multi-layer sandwich
laminates and mainly consists of several carton plies, a thin aluminium foil and several
polyethylene layers. Compared to other conventional composite structures, such as
carbon fibre composites, carton-based packages have an extremely thin composite
structure with significantly softer material properties.
To obtain a robust and well-formed commercial packaging, many manufacturing
processes are usually carried out, for instance creasing, folding or bottom and gable
sealing. In addition to the structural and architectural aspects, various technical
requirements must be met regarding functionality, rigidity and robustness of the
packaging. During the converting procedures; especially at higher production speeds,
unexpected operational flaws might be observed often for material rupture and
inter-layer delamination influencing the quality of a package performance.
Furthermore, to examine the new paperboard material generations and operational
developments, it is necessary to characterize and predict materials behaviour and
packaging process if higher converting speeds, extended performance and efficiency
are demanded. To satisfy the above-mentioned technical requirements, mathematical
modelling and simulation methods are an appropriated way to formulate the
paperboard material characteristics and analyse converting processes such as
creasing and folding.
A series of quasi-static and high-speed tensile tests were carried out to determine
the mechanical properties of the highly anisotropic carton material. In addition to
the classical tensile test, improved tests were also conducted specifically to measure
the shear strength of the paperboard plies. Tests such as the Rigid Block Shear
Test (RST) and the Double Notches Shear Test (DNST) were performed to obtain
the shear stress curve and maximum shear strength across the paperboard thickness,
respectively. Furthermore, the z-directional tensile test (ZDT) was also employed
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to identify the paperboard interfacial characteristics in terms of traction-separation
curves.
A mathematical model based on the finite element method (FEM) has been developed
and implemented in the commercial ABAQUS software to simulate material behaviour
under highly dynamic loads. The simulation model includes both constitutive elastic-
plastic formulation of packaging composite structure and a description of interlayer
interaction and delamination between the composite plies as well. A formulation
according to the Hill´criteria has been used to formulate the anisotropic elastic-plastic
behaviour of the material based on its rate-dependent characteristics. The interaction
between the paperboard layers and the corresponding delamination during the creasing
and folding processes have been implemented using an anisotropic traction separation
model in respect to the relative sliding and opening of the adjacent interfaces.
The most important simulation parameters have been comprehensively investigated
and optimized regarding the calculation accuracy, simulation costs and efficiency.
Subsequently, the obtained numerical results were successfully validated with




Aufgrund ihrer spezifischen Vorteile, wie z. B. Flexibilität, Hygiene,
Wirtschaftlichkeit und Umweltverträglichkeit werden Kartonverbundwerkstoffe
häufig als Lebensmittel- und Getränkeverpackungen eingesetzt. Das
Verpackungsmaterial ist in mehrlagigen Sandwich-Laminaten geteilt und besteht
hauptsächlich aus mehreren Kartonlagen, einer dünnen Aluminiumfolie und
mehreren Polyethylen-Schichten. Im Vergleich zu anderen herkömmlichen
Faserverbundstrukturen, wie etwa Kohlenstofffaser-Verbundwerkstoffe, weisen
kartonbasierte Verpackungen extrem dünne Verbundstruktur auf, die über deutlich
weichere Materialeigenschaften verfügen.
Um eine robuste und gut geformte handelsübliche Verpackung zu erhalten, werden in
der Regel eine Reihe von Verarbeitungsprozessen, z.B. Rillen, Falten oder Boden-
und Giebel-Siegelung durchgeführt. Neben den strukturellen und geometrischen
Aspekten müssen verschiedene technische Voraussetzungen in Bezug auf
Funktionalität, Steifigkeit und Robustheit der Verpackung gewährleistet werden.
Während der Verarbeitungsprozesse, insbesondere bei höheren Produktionsraten,
treten häufig unerwartete Betriebsfehler ein, die zu Materialbeschädigung und
unerwünscht exzessive Delamination zwischen den Kartonlagen und somit zu
Qualitäts- und Leistungseinbüße führen. Deshalb ist es notwendig das Verhalten des
Verpackungsmaterials während der Verarbeitungsprozesse zu verstehen und zu
charakterisieren. Hierfür bieten verschiedene Simulationstechniken ein geeignetes
Werkzeug, um Material und Verarbeitungsprozesse zu analysieren, um fundierte
Vorhersage des Materialverhalten zu formulieren, insbesondere bei veränderten
Material- und Prozessparametern, wie z. B. Holzfasertypen, -dichte und -orientierung
oder auch bei veränderten Werkzeuggeometrie und Verarbeitungsgeschwindigkeit.
Eine Reihe von quasistatischen und Hochgeschwindigkeitszugversuchen wurden
durchgeführt, um die mechanischen Eigenschaften des hoch anisotropischen Materials
zu ermitteln. Neben dem klassischen Zugversuch wurden verbesserte Tests speziell
zur Messung der Scherfestigkeit in den Kartonzwischenlagen durchgeführt. Tests, wie
der sog. starrer Blockschertest (Rigid Block Shear Test: RST) und der sog.
doppelter Kerbschertest (Double Notches Shear Test: DNST) wurden durchgeführt,
um den Verlauf der Schubspannung über die Kartondicke zu erhalten. Darüber
hinaus wurde der Zugversuch (Z-Directional Tensile Test: ZDT) senkrecht zu
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Kartonebene durchgeführt, um die Eigenschaften der Kartonzwischenlagen in Form
von Traktions-Separationskurven zu charakterisieren.
Zur Simulation des Materialverhaltens unter hoch dynamischen Belastungen wurde
ein mathematisches Modell basierend auf die Finite-Elemente-Methode (FEM)
ausgearbeitet und in die Softwareumgebung ABAQUS implementiert. Das
Simulationsmodell umfasst sowohl eine konstitutive elasto-plastische Formulierung
des Materialverhaltens als auch eine Beschreibung der Interaktion in den
Kartonzwischenlagen im Hinsicht auf die Delamination. Eine Formulierung nach den
Hill-Kriterien wurde verwendet, um das anisotrope elastisch-plastische Verhalten des
Materials unter Berücksichtigung der Deformationsgeschwindigkeit zu beschreiben.
Die Wechselwirkung zwischen den Kartonlagen und die entsprechende Delamination
während des Rill- und Faltvorgangs wurden durch eine anisotrope konstitutive
Traktions-Separationskurven moduliert, die auf dem relativen Gleiten und Öffnen
der benachbarten Grenzflächen basiert.
Die wichtigsten Simulationsparameter wurden in Bezug auf die Rechengenauigkeit,
Simulationskosten und Effizienz umfassend untersucht und optimiert. Anschließend
wurden die erhaltenen numerischen Ergebnisse mit verfügbaren Versuchsdaten für
praktische statische und dynamische Rill- und Faltprozesse erfolgreich validiert.
Die aktuelle Arbeit bietet ein validiertes numerisches Modell und eine Plattform zur
Simulation und präzise Vorhersage des Verhaltens komplexer
Kartonverbundmaterialien unter Einwirkung von hoch dynamischen Belastungen,
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1 Introduction
Paper and its driven products have been widely used through the history since
thousands years ago. Everybody has almost seen this popular material and employed
it at least once even for a simple text writing. There are lots of practical applications
for this useful material from common daily consumption like writing, painting and
cleaning to the large scale industrial applications for packaging, printing, filling and
recent interests to employ this material for special structural and construction
applications as shown in Figure 1.1 . Because of their significant advantages such as
environmental compatibility, lower price and converting procedure flexibility, paper
based laminates are widely used for packaging usage and preserving food, beverage
and liquid drinks. The primary idea to use paperboard for packaging application was
firstly issued at early 19th century in Germany and afterwards; the paper based
packages were successfully produced for food packaging applications.
Figure. 1.1: General application for paper material; [courtesy of Pixabay]
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These materials are mainly made of wood fibers from soft and hard wood sources
like pine, larch, maple and eucalyptus. Board manufactures employ different types of
chemical and mechanical pulps in order to reach the fundamental characteristics such
as high bending resistance, converting feasibility in addition to obtain a light paper
structure at the end which are appropriate for packaging applications. In point of the
paper-based material usage, there are two main definitions for paper based products
termed paper and paperboard. According to the conventional standard [1], a paper
sheet with a grammage of higher than 200 g/m2 is called paperboard and it contains
mostly the long fiber in comparison to the paper itself with lower grammages.
To facilitate the packaging operation; especially for food and liquid drinks, the final
fabricated paperboard consists of several soft and stiff plies with different material
and interfacial properties. The outer layers include higher strength to carry against
the rupture and bending stresses during converting procedures, while the middle sub-
layers are mostly softer in stiffness and interfacial strength which are more suitable to
withstand the local deformations and internal delamination. In order to preserve and
protect the products against the external contamination, odor or light the pure carton
board is further supported with several polymer and thin aluminuum foils. Paperboard
as the main component of packaging laminates represents a complicated mechanical
behaviour in comparison to the conventional engineering materials, and that is why
a comprehensive material identification with appropriate experimental and analytical
investigation is essential to understand and predict this material performance during
packaging converting process. Figure 1.2 depicts a general overview of food and drink
packages and applications.
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Figure. 1.2: Paperboard based package and composite; [courtesy of SIG]
To produce paperboard, wood short fibers are first mixed with lots of water and the
resulting dilute suspension is then spread in the next step on a moving web to create
a thin wet paper sheet. During this high speed spraying process, the high amount
of fibers are locally lain on the web plane surface and only a minority could ascent
through the thickness of paper sheet. Furthermore, most fibers are almost orientated
in the web moving direction and a few percent in the cross direction instead. This
unequal fiber orientation strongly leads to inhomogeneous and anisotropic properties
of the final resulting paper sheet. In this reason and in order to describe paperboard
mechanical properties, it is common to define three principle material directions as
moving web or Machine Direction (MD), Cross Direction (CD) and through thickness
out-of-plane direction (ZD) as schematically depicted in Figure 1.3. Based on the
experimental test investigations, the paperboard material mechanical characteristics
in MD are 1 to 5 times stiffer in comparison to CD and almost around 100 times
stiffer than ZD [2, 3]. Precise experimental evaluation and an appropriate material
formulation of paperboard material properties play an undeniable role through further
numerical analysis and FE simulations.
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Figure. 1.3: Paperboard anisotropic structure; I. Bottom layer, II. Middle layer s, III.
Top layer, IV. Whole paperboard
Industrial packaging production lines, apply a sequence of converting operations
including creasing, folding and sealing to produce the final packages as depicted in
Figure 1.4. Food packages should first preserve the product quality and safety
against contamination and have to be strong enough during storage and long
distance transportation as well. In addition to the fundamental functional needs, it is
always of interest to produce new package generations with attractive shape and
architecture based on the markets and end user wishes. Therefore, a prefect
converting process can satisfy these necessities. Paperboard composite laminate is
firstly creased with implemented compression loads to create the creasing pattern
based on the package intended shape. For a good creasing, the folding lines have to
precisely work like a prefect hinge during folding process. The creased sleeves have
therefore a lower bending stiffness in comparison to the uncreased paperboard
laminates which make easier folding operation with less consumption energy and
resulting well-shaped corners of the final produced package.
Figure. 1.4: Paperboard converting process: from concept to product; [courtesy of SIG]
Paper laminates have several layers with different material properties and interfacial
strength, therefore the interaction between the soft and stiff layers, stresses and
deformation during creasing and folding operations is extremely complex and
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strongly influence the quality of the converting process. Furthermore, due to the
unequal bending stiffness of paperboard composite plies in addition to the resulting
interfacial debonding in their interfaces, inter-layer delamination occurs through
creasing while it would be further propagated during folding operation. The resulting
delamination facilitates the folding procedure, but it is very important to dominate
that only in the folding edges on the package corners and completely prevent it
against further propagation inside the packages structure wall. There are mainly two
different types of industrial creasing systems with punching creasing and dynamic
rotation creasing. In comparison to the first case, the rotating tools of the latter one
are much more faster and efficient for practical applications. During this work, both
systems will be deeply investigated in terms of experimental and numerical
simulations as would be discussed through the next chapters.
Subsequently, a converting process of a well-known global packaging company was
thoroughly investigated. In order to evaluate the fundamental material
characteristics, it is necessary to conduct a set of experimental measurements on
each single ply. Dealing with experimental tests for paperboard material is relatively
difficult due to its specific thin geometry, very light and soft structural response and
strong anisotropic behaviour. This issue is much more of interest for high speed
dynamic tests in terms of suitable clamping device, data measuring system and
experiments controlling methods. First of all, quasi-static tensile test will be applied
to measure material elastic-plastic properties for each layer in both MD and CD. The
quasi-static test procedure and sample preparation are further followed according to
the available standards for paper and paperboard experimental tests. The static
experimental data is suitable to calibrate the material model and simulate the
punching creasing process with small deformation speeds. Paperboard based
composites, considerably reveal softer material properties compared with other
engineering composites which make them more complex for experimental
investigations.
Furthermore, during the converting procedures; specially at higher production speeds,
unexpected operational flaws often for material rupture and inter-layer delamination
might be observed influencing the quality of a package performance. However, the
most previous studies for paperboards and packaging process characterizations have
been mostly dominated in static investigations for material and process simulations.
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In this reason, a dynamic analysis is much more precious since it can precisely describe
material response and converting process at high deformation rates and speeds.
There are some crucial difficulties concerning to the paperboard dynamic test, since
there is no appropriate standard for this test procedure. Furthermore, several
technical considerations have to be specifically taken into account to establish a fast
and precise test set-up which is suitable to measure the material properties of such a
very thin and soft paperboard material. A high speed electrodynamic machine
should be employed for dynamic tensile tests to identify paperboard rate-sensitive
material behaviour at different elongation rates. Subsequently, the obtained
experimental results will be employed for creasing and folding simulations and the
main effective parameters influencing paperboard converting procedure would be
deeply extracted and compared with relevant practical test experiments.
Finite element method is an appropriate tool to validate material formulation and
evaluate creasing process characteristics. In this way, a set of numerical simulations
of static punching and rotary dynamic creasing processes will be precisely conducted
in commercial ABAQUS software. The obtained quasi-static test data is firstly
employed to model material formulation for a static simulation; while the dynamic
model will be specifically improved based on the rate dependent material properties.
Other than the commonly used punching creasing processes, the dynamic creasing
process in this study uses of high speed rotating tools to model creasing process
along MD and CD. In the first step towards the simulation of dynamic creasing
process, 3D macro-scale numerical model will be comprehensively developed in
respect to the material time dependent experimental data. Thereby, it is required to
take into consideration the geometry of the dynamic creasing tools, real boundary
conditions and the kinematic characteristics. For both cases, the material mechanical
properties have to be formulated including both continuum models and cohesive
formulation for delamination between the inner layers. The obtained numerical
results will be compared with the real industrial converting procedure and the main
fundamental parameters needed for process optimization will be precisely evaluated
and validated with corresponded experimental test data. Finally, the validated
material models and process simulations will provide a strong capability to analysis
the packaging process, predict paperboard composites delamination in addition to
design new tools and optimize converting operations as well.
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2.1 Introduction
For many packaging applications for example food, beverages and drinks, paperboard
based composites are desired materials sebaceous of their environmentally and
commercially advantages. The carton itself is made of wood fibers and due to their
natural based behaviour, it is often a challenging work for experimental evaluation
and material modeling of paperboard and its driven laminated composites. During a
real packaging converting process, it is a common issue to employ first appropriate
experimental test procedures to evaluate precisely the fundamental material
characteristics which is required for further material modeling and analytical studies.
In addition to material characterization, the converting operation and its
corresponded mechanism is the next main object for packaging process. Several
issues such as appropriate converting sequence, suitable mechanical tools and
efficient operation system have to be especially taken into account to produce the
best quality package in addition to reach an efficient and optimized production
process as well. To improve the final package quality and process performance, one
has to comprehensively consider the most important objects: material structure and
converting operations. From material consideration, it is of interest to produce new
carton board generations which are more appropriate to overcome the operational
and architectural necessities of new desired packages; and converting operation
studies are of great interests to enhance the production performance with higher
converting speed, less operational defects and most production flexibility. For both
cases, the phenomenological modeling using mathematical and numerical simulations
are a suitable facility to understand the task first correctly; and secondary to realize
the main effective parameters for material response and converting operation. Since
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the model is precisely set-up, the further operational predictions and technical
solutions can be efficiently employed in order to optimize and improve the packaging
materials and process.
2.2 Paperboard and packaging composites
manufacturing process
Carton structure as the main component of paperboard laminates is mainly made of
wood fibers. For an industrial packaging purpose it has to meet the main essential
characteristics e.g. high stiffness, strong wet sizing, low in microbiological content,
taste and odor. Wood as the main raw source of paperboard materials is in principle a
natural composite structure and it is more complex than any artificial based composites
itself. In a chemical point of view, wood structures consist of fibers with lignin in the
between might be compared to, for instance, a carbon fiber based composites, which
includes carbon fibers and synthetic resin. However, what makes this composite to be
more complex is that the wood fibers are themselves considered as a micro composite
structure including fibrils with lignin and hemi-cellulose holding it together.
The carton produced for food packaging applications includes mainly three to five
sub-layers: the top, the middle and the bottom layers. A good paperboard should
behave such as I-Beam structures with stiffer outer and bulky middle regions. To
produce the paperboard with high bending stiffness and lower grammage, the outer
layers include chemical pulps exhibiting mostly stiffer mechanical properties with
higher density. The middle plies are produced by a combination of mechanical pulp,
chemical pulp or chemo-thermo-mechanical pulp (CTMP) in order to produce weaker
ply and interfaces which are more suitable to obtain well-defined forming shape and
delamination profile during converting process. Furthermore, to increase the
printability quality of paperboard, the bleached chemical pulps with higher
brightness are widely used for top layer, while can be coated with one or more layers
of pigment coatings. For the food packaging applications paperboards with a
thickness of almost 350-500 µm are applied and the stiffer outer layers have thickness
of 80-120 µm. Figure 2.1 shows a microscopic and schematic overview of common
paperboards for packaging applications.
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Figure. 2.1: Paperboard structure: I. Microscopic cross section II. Chemical and
unbleached pulps III. Chemical and mechanical pulp (CTMP)
In a paperboard manufacturing process, the short wet fibers and a high amount of
water are sprayed on a moving web which runs between the large rotating rollers
under high pressure in order to extract the water as much as possible. The
prefabricated board, is heated as the next step by pairs of heating drying cylinder
which removes the water content to around 6-8 %. During drying process, further
improvement procedures for the board final surface, printability, strength, sizing and
water resistance are implemented. Because of special manufacturing process of
paperboard materials, the most injected fibers are lain on a plane parallel to the
moving web surface and only a few portions will be orientated in the thickness
direction. In this reason, paperboard shows extremely high structural inhomogeneity
and anisotropy. The material properties strongly depend on the fiber orientation
inside the paperboard and they show furthermore different material response from
out-of-plane and in-plane directions. For this reason, three directions are commonly
used to describe paperboard material behaviour: The machine direction (MD) and
cross direction (CD) for in-plane behaviour and the thickness direction (ZD).
Experimental test investigations show that paperboard material is relatively stiffer in
MD. Since the most fibers are oriented in the machine direction, the material
mechanical characteristics are considerably stiffer in MD in comparison to CD.
Furthermore, due to the natural bonding and internal interaction between the fibers,
the paperboard structures represent different material properties in ZD under tension
and compression, while through thickness compression loads result stiffer mechanical
behaviour in ZD due to the new fiber bonding generation.
Packages protect goods and products for industrial and costumer based applications.
To produce high quality packages for safe applications, several specifications from
the primary concept of products preservation to the next further issues for choosing
compatible raw material and final converting procedures have to be specifically taken
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into account. The main requirements for packaging procedure are configured as the
following [1]:
• Protection and preservation of materials and products quality based on the
predefined standards and specifications,
• To guarantee the efficiency of packaging raw materials production, converting
and packing process in addition to the final logistic activities for transportation
and storage,
• Acquirement of marketing necessities, competitive price and attractive shape
and of visual impact.
For a food packaging process, the pure carton is coated with further additive layers
to produce paperboard based laminates which is suitable for the food storage
operation. It is essential that the final produced packages should acquire the main
necessities to protect the content inside against the light, aroma and oxygen with
further waterproofing sealing has to be also performed.
In order to seal the food packages against the liquid contents, several polyethylene
(PE) are coated on the top and bottom sides with different thicknesses and properties,
and thin aluminuum foil coating is also implemented for light protection. A schematic
overview of food package with containing sub-layers is depicted in Figure 2.2.
Figure. 2.2: A schematic overview of paperboard based laminates and food packages;
[courtesy of SIG]
In a paperboard extrusion line, it is very important to achieve a homogeneous and
uniform thick PE film for high quality sleeves production. The fine PE particles are
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firstly leaded from the storage cyclones into the extrusion heating devices with
operational melt temperature of 270 to 335 °C and relatively high applied pressure.
Specific extruding screws are applied to feed the melting units with controlled speeds
which results in a homogeneous melt that fluid is finally produced for the next
coating purposes. Molten PE is then conducted through the predefined nuzzles on
both sides of the raw paperboard or on the thin aluminium foil surface which has
been already laminated on the paperboard. The average thickness of the polymer
coating on the paperboard is around 15 to 50 µm with a coating unit weight of 20
g/m2 for different packages performances. During this laminating procedures, the
raw paperboard processed with an approximate speed of 600 m/min between
rotating big rolls and is further laminated by a thin aluminum foil and several
polymer layers as shown schematically in Figure 2.3.
Figure. 2.3: Sleeve production process; extrusion line; [courtesy of SIG]
The final laminated paperboard is considered as a composite structure in principle
with several layers and interfaces between. Figure 2.2 schematically expresses a
paperboard based package and composite in which the interfaces have been indicated
by red dashed lines. It is important to notice the interfaces of this composite exhibit
different interfacial properties and strengthens; while the bonding between the
polymers and the neighboring layers is much stronger than the interfaces between the
carton sub-layers itself. Hence, the most delamination will occur inside the carton
layer during a packaging converting procedure, especially through folding operations.
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2.3 Paperboard converting process: creasing and
folding
Paperboard converting process is mainly based on two essential issues; first to
acquire the functional necessities of the final pack as the most important target and
produce creative and attractive architectural shapes as the second goal. In terms of
the functional requirements, the final package has to completely preserve the
containing food product against any contamination during its shelf-life from filling to
the end consumer usage. Furthermore, they have to be robust and stable enough to
withstand unexpected deformation and instability during palatalization,
transportation and marketing distribution. In addition to the functional
requirements, food and liquid based packaging industries always try to produce their
packages with an eye-catching and interesting shape and form to satisfy the
customers wishes and marketing desires. Packaging structural design; therefore takes
into account the packages efficient dimension, architectural form and volume and to
facilitate the end-use performance of opening, pouring, carrying handles and storage
as well [1].
Industrial packages are almost produced in rectangular shapes and it is of significant
interest to obtain finally the packages with rounded corner edges. Generally speaking,
a sequence of converting operations are implemented through an industrial packaging
process including cutting, creasing, folding, closing and final sealing. For many food
packaging production lines, the creasing and folding operations are considered as two
fundamental converting procedures. During the creasing operation as the first stage,
the paperboard laminates are locally deformed under vertical compression loads. Using
appropriate creasing tools, the primary creasing pattern lines are precisely generated
on the board according to the desired shape and predefined folding pattern of the
final package. The main purpose of creasing operation is to create well-defined folding
pattern lines which act like a prefect hinge during the folding and sealing operations.
Since, the board is locally deformed with specified loads, the resulting creasing lines
has then lower bending stiffness in comparison to the uncreased ones, which ease the
folding operation and facilitate a condition to obtain the final packages with desired
shape and structure. Furthermore, it results the packaging production process with
lower consumed energy and better quality.
26
2.3 Paperboard converting process: creasing and folding
There are two main creasing methods for industrial packaging applications; flat bed
punching systems and the rotary die creasing tools. The first method is much more
used for static creasing applications with relatively slow converting speeds, while the
second method is a dynamic creasing system with high operation speeds. It is currently
the main operational creasing method since high production speed is demanded. It is
furthermore noticeable that some packaging companies crease the pure board first and
afterwards laminate it with polymer and aluminum foils as was already discussed in the
previous section. For both mentioned cases nevertheless the pure or laminated board
is creased in both MD and CD directions before cutting and folding. A schematic
overview of creasing and cutting operation system for paperboard extruded laminates
are presented in Figure. 2.4.
Figure. 2.4: Sleeve production process ; creasing and cutting of extruded paperboard
laminates; [courtesy of SIG]
During high speed dynamic creasing process, paperboard laminate is pressed between
grooves and punching ruler of a pair of male and female tools under predefined creasing
loads. Since, the paperboard composite itself consists of several soft and stiff sub-layers
with different material properties and interfacial strengths, a high amount of local
deformation occurs in the creasing zone. The normal compression and tensile stresses
are generated on the outer layers, while the most shear and inter-layer interactions
result in the inner layers especially on the gap area between female die and male ruler
as represented by Figure 2.5.
Moreover, due to the resulting bending stresses through the creasing process in
addition to the interfacial interaction between soft and stiff layers, delamination is
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Figure. 2.5: Paperboard creasing process: I. Punching creasing II. Rotating creasing
III. Resulting stresses in the creasing zone
locally achieved in the deformation zone. For a paperboard converting operation this
resulting delamiantion plays an undeniable role to produce finally a good package
with desired shape and well-defined edges during folding process. The creased
paperboard sleeves are subsequently folded in opposite side of the crease loading
direction by 90° or 180° to create the final package box. When the creased board is
folded, the previously resulting delamination during creasing is further propagated
and the local deformed zone is bulged and the laminate sub-layers are debonded
from each other. Furthermore, the crack and material rupture might happen on the
outer layers due to the high tensile stresses. A sequence of overall converting
procedures for paperboard composites have been illustrated in Figure 2.6. A perfect
creasing and folding operation has to satisfy the conditions that dominate the
occurred delamination and sub-layers debonding only through the folding zone on
the package corners and not to be further propagated inside the package wall as is
clearly depicted in Figure 2.6 (IV).
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Figure. 2.6: Paperboard creasing process; I. Extruded laminate, II. Rotary creasing
tools, III. Creased sleeve, IV. Folded sleeve; [courtesy of SIG]
2.4 Analyzing of existing models for packaging
materials and packaging procedures
During the last decades, numerous studies have been conducted for paperboard
composite materials and their converting procedures. From the material point of
view, the most published literatures have focused on paper and paperboards
experimental and constitutive characteristics by using micromechanical network
based modeling, macroscopic constitutive approaches, delamination and interfacial
formulations. Furthermore, different types of paperboard converting procedures such
as creasing, folding, deep drawing, forming and sealing have been also investigated.
In this section a general overview of the relevant practical and research studies will
be further introduced.
To formulate the paperboard anisotripic elasto-plastic behaviour, several analytical
continuum models have been already expressed within the scientific literatures. Xia
et al. [4] and Li et al. [5] presented constitutive elastic-plastic models to formulate
in-plane properties of paperboard material composites. They have conducted a set of
experiments to evaluate paperboard anisotropic behaviours, and a multi-surface yield
approaches has been further employed to describe paperboard different response
during tensile and compression. These works mostly concentrated on paperboard
in-plane anisotropic hardening parameters and the martial elasto-plastic
characteristic were formulated based on paperboard in-plane properties. The second
study revealed that the influences of the in-plane compression stresses on the
paperboard plasticity is almost insignificant in comparison to the tensile loads.
Regarding to in-plane material modeling, Sawyer et al [6] and Castro and colleagues
[7] have investigated on general paper based material formulation. Furthermore,
Resse and colleagues [8] proposed a nonlinear multi-surface yield criterion to describe
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paperboard out-of-plane (ZD) properties as well. The model depends on the large
deformation assumption regarding to the through thickness densification and internal
friction effects. Several other studies have been also conducted for paperboard
out-of-plane behaviour. Stenberg [9], Tjahjanto et al [10] and Girlanda et al [11] have
specifically focused on paperboard
In recent studies, Borgqvist et al. [12–14], developed also an analytical continuum
model for paperboard in-plane and out-of-plane material characterization, while the
model is generally based on the large plastic strain phenomenon. The material
response is decoupled from in-plane and out-of-plane directions and finally they have
simulated the industrial creasing procedures using this model. Wallmeier et al. [15]
introduced a an efficient model to represent paperboard anisotropic elasto-plastic
behaviour. As far as the model has been verified according to the real experimental
test experiments, then they have employed that to predict the paperboard
deep-drawing procedures using explicit finite element simulations. In a similar study,
Östlund et al. [10], investigated the anisotropic viscoelastic and viscoplastic
behaviour of paperboard laminated materials under creep and relaxation loading
conditions. For this purpose, the material model was formulated based on the linear
viscoelastic approaches combined with viscoplastic definition to describe paperboard
hysteresis and permanent plastic deformation.
Beside to the above-mentioned analytical constitutive models, for the most practical
investigations concerning to paperboard converting process, the anisotropic Hill´s
criterion has been widely employed to formulate paperboard composites
elasto-plastic properties. Earlier, Barbier et al [16], Nygårds et al [17], Beldie [18],
Nagasawa et al [19] and Thakkar et al [20] have represented anisotropic material
formulation for paperboard and corrugated papers. Recently, many investigations
have been conducted for paperboard laminates quasi-static analyses of creasing and
folding operations based on the numerical simulation using Hill´s yield criterion.
Tryding et al [21], Beex and Peerling [22], Huang and et al [3, 23] and Nygårds et al
[21, 24] and Li et al [25] have employed an anisotropic constitutive model based on
Hill´s yield criterion with isotropic strain hardening assumption. For all of these
studied works the quasi-static uni-axial tensile tests have been performed to identify
the material elasto-plastic behaviour and further material calibration. Furthermore,
regarding to the material constitutive model through these works, it is issued that
the material in-plane and out-of-plane behaviour are decoupled.
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In addition to the elasto-plastic continuum formulation, it is also essential to consider
also the interfacial and delamination between the paperboard laminates plies.
During the creasing process, a high amount of local deformation and fiber network
debonding are happened on the creasing zones. However, the resulting delamination
between the layers will be even further propagated through the folding procedure due
to high bending loads and material bulging effects as well. Regarding the paperboard
packaging converting procedures and resulting deformation on the loading zone, two
main fracture modes are rather of interest: mode I for the pure crack opening in
laminates thickness direction and mode II for in-plane shearing due to relative sliding
between the sub-layers. Furthermore, due to the specific manufacturing process of
the pure carton boards, the fibers will be also aligned through the board thickness as
well; and it is almost impossible to assign exact and certain positions for the
interface between different plies. For this reason, it is common that the fiber bridging
happens between the sub-layers after degradation during converting procedures such
as creasing and folding. Several traditional experimental methods have been widely
applied to evaluate paperboard interface properties called z-directional tensile test
(ZDT), Scott bond test (SBT) and wheal delamination test (WDT).
Several experimental and analytical methods were developed by Peerlings et al. [22] for
paperboard interfacial modelling; and Nygårds et al. [26] also represented experimental
methods to evaluate paperboard shear properties using double notch shear and rigid
block shear tests. In the first study, a numerical model including paperboard material
elasto-plastic and interfacial behaviour was employed to simulate creasing and folding
and the main effective parameters such as creasing forces, moments and interlayer
delamination were deeply investigated. Tryding et al. [21] and Huang et al. [3] used
constitutive and cohesive modeling for quasi-static analysis of paperboard creasing and
folding process. Using notch shear test, paperboard through thickness shear strength
was firstly evaluated and afterwards the resulting shear profile was applied to map
paperboard anisotropic behaviour. Using mapped mesh model, they could express
better prediction for material response in comparison to the conventional continuum
approaches.
The most of the above-mentioned experimental and numerical investigations
concerned to the paperboard based materials and their converting processes have
however limited on material quasi-static behaviour, while the material rate
dependent material modeling and coresponded numerical simulations are still
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considerably limited. However, just a few works roughly expressed dynamic
characteristics of paperboard and packaging converting procedures in which the
material rate sensitivity properties are so far from the real deformation rates
observed through the real converting applications. Allaoui et al. [27] presented an
experimental work about rate dependent properties of several paperboards and based
on their results, those materials significantly showed a stiffer material anisotropic
response for both MD and CD in respect to the higher elongation rates. In a similar
work, Henry and Haslach [28] discussed about the rate and moisture dependent
properties of paperboards. In this case, they have evaluated paperboard time
dependent mechanical response and specifically developed analytical approaches to
describe paperboard creep and relaxation behaviour.
Concerning to the special requirements for high speed packaging procedures; it is
very important to achieve straight and precise folding lines which make an essential
role for the final package robustness and stability. It will be again a crucial task to
understand and predict material response and production variations since the real
operational process is very fast instead. Since the packaging composite laminates
include different materials with various stiffness and interlayer interfaces, hence the
resulting delamination should be also dominated only in the folding lines.
Furthermore, it is always of interest to understand and predict the influence of
material response, tolls geometry and process kinematics influences on the converting
quality and efficiency at very high production speeds. Therefore, it is essential to
investigate packaging material properties and packaging procedures in both scientific
and practical points of views.
To satisfy the fundamental operational challenges of a high speed packaging process,
the common conventional quasi-static models are not sufficient to deal with the
whole real technical requirements. In contrast to the pure static models, a high speed
dynamic analysis is much more precious since it can precisely describe material
response and resulting high deformation rates. However, dealing with high dynamic
investigations about such a thin and soft paper materials needs in principle both
accurate experimental and analytical efforts. To measure the rate dependent
material characteristics of paperboard plies, specific practical developments have to
be thoroughly taken into account; since there is not still a common experimental
standard on this issue. Moreover, it is really a crucial task to perform the precise and
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effective test set-up in which the thin and soft carton plies at very high strain rates
can be precisely measured.
This work discusses the modeling of the paperboard material, in a first step, and the
simulation of an industrial packaging, i.e. the creasing process, in the second step.
Both steps will be examined with respect to experimental and numerical viewpoints.
In comparison to the conventional quasi static investigations, a dynamic model
including time dependent material characteristics and high speed converting
kinematics is crucial to analyse and predict material response in addition to
packaging converting characteristics during a real high speed creasing process.
2.5 Conclusions
During this chapter, paperboard and its laminated composites have been deeply
introduced from their natural source to the final laminating process.The package
converting operations including mainly creasing and folding operations were further
explained separately and the most considerable converting characteristics were
specifically addressed. The corresponded literatures and similar works were also
carefully explored to find the best and most efficient methods for problem solution.
During the past years, the most investigations about paperboard materials and their
converting process have been only dominated in static analysis, while for a high
speed packaging procedures it is necessary to identify the material rate dependent
sensitivity as would be discussed in the next sections.
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3 Objective and Research Program
3.1 Objective
The main description of paperboard materials and their laminated composite
structures discussed in the previous chapter indicated that they have a wide
consumption for food packaging applications since they express considerable
advantages compared with similar plastic-based packages. The packaging procedures
itself, includes a sequence of practical operations first for carton extruding to create
sleeve laminates and afterwards creasing, folding and sealing in order to generate
robust and round shape package. Generally speaking, they are very thin composites
which express significantly softer material properties in comparison to other
conventional composite structures. During the above-mentioned converting
procedures; especially at higher production speeds, the unexpected operational flaws
often for material rupture and inter-layer delamination might be observed influencing
the quality of a package performance. Furthermore, to ensure the new material
performance and examine the operational developments, a lot of trial-and-error have
to be conducted which are more costly and time consuming. In contrast to these
challenging drawbacks, it is necessary to accurately characterize materials behaviour
and packaging process if higher converting quality, efficiency and speed are
demanded.
In this purpose, these complex composites are mentioned as an interesting topic for
deeper empirical and scientific investigations. Recent research activities as the
current state aimed to evaluate paperboard mechanical characteristics, and to
improve experimental and computational methods to formulate and predict this
material response during packaging process. In a parallel way, it is also necessary to
implement a deeper investigation about the packaging converting procedure itself in
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order to identify the interaction between the material and tools. During creasing and
folding operations, the soft paperboard laminates undergo large local deformation
and inter-layer delaminations. To produce a good package with high operational
quality, it is an essential task to control the resulting deformation only on the
predefined zones and completely prevent any probable structural defects.
To satisfy the above-mentioned technical requirements, simulation method is a
promising way to formulate the paperboard material characteristics and analysis
creasing and folding processes at high operational speeds. However, the most
previous studies have been dominated by material and process investigations just for
statical cases with the relative slow deformation rates. The industrial production line
studied through this work is instead a high speed process instead; therefore, a
dynamic analysis is much more precious since it can precisely describe material
response and resulting high deformation rates. Regarding the specific geometry, high
production speed and occurred high nonlinearities during paperboard converting
process; therefore the set-up of a dynamic creasing analysis is strongly required.
First of all, it is essential to prepare appropriate test facilities for experimental
measurement and evaluate time-dependent material properties of paper. Several
experimental approaches and test standards are available for paperboard material
test experiments, but all of them are suitable only for static tests. Hence, the first
challenging task is to find a solution in which the rate dependent properties of a very
thin and soft material can be correctly identified. The existing problem would be
much more crucial when the fracture load of the paper is very low in comparison to
the other conventional engineering materials, and it is necessary to employ a high
accurately and fast enough measuring system as well. Moreover, due to the
interaction between inside components such as polymers and aluminium layers,
interfacial and frictional properties and shear strength are required to be
comprehensively measured.
In the next step, it is necessary to calibrate an appropriate materiel model in which
paperboard properties based on the real time-dependent experimental data can be
accurately described. Further considerations have to carefully taken into account to
formulate paperboard anisotropic characteristics, different in-plane and out-of-plane
response and moreover, its unequal response during tension and compression
conditions. In order to create a precise simulation of a real packaging process. It is
also essential to study out the most effective parameters influencing creasing and
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folding operations. Hence, further effective parameters such as correct tools
geometry, converting process kinematics of creasing depth and width, line speed and
realistic boundary conditions have to be correctly clarified. After a correct material
formulation is achieved and the converting characteristics are also correctly
implemented into the simulations, the process efficiency and performance can be
precisely predicted and further optimized. Furthermore, using the final validated
model it will be strongly possible to design new converting tools with desired shapes
and to improve material properties based on the technical and commercial demands.
3.2 Research Program
During this research work, the experimental and numerical models to formulate
paperboard composites behaviour and their converting process will be studied based
on a real industrial packaging company. Creasing facilities as on the most important
part of packaging production line has the most significant role for creating good
creasing lines which facilitate the folding and sealing operations. In terms of the final
applications based on the marketing demands, the final package has to be more
stable and robust with interesting edge corners and to be produced at high speeds.
In order to increase the efficiency of the current production performance, a better
understanding of the process and further optimizations of paperboard composites
and their converting procedures performance are the main target of this work. Since,
the previous steps are successfully studied then the extra efforts can be proceeded to
examine the generation of new creasing tools and increase production quality and
efficiency.
To reach the final goals of this research works the experimental and numerical
investigations have been conducted as the following:
Chapter 4 includes a general description of continuum mechanics and analytical
formulations of material modeling and dynamic process simulations. First of all, the
material response will be explained in terms of kinematic of deformation,
thermodynamics of continuous media and material elastic-plastic behaviour. The
main part of the this works includes the material response and dynamic converting
process; therefore the material dynamic rate dependent properties have been mostly
focused, while it is more important for a high speed converting process. In addition
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to the the conventional constitutive models, an enhanced analytical approach would
be further discussed during this work which is much more suitable to describe and
formulate specifically inhomogeneous and anisotropic paperboard structures. The
theory of Finite Element Method (FEM) and its application for material modeling
and static and dynamic process simulations are also represented in this chapter.
Furthermore, for investigation about paperboard interfacial properties and resulting
delamination between sub-layers, the contact mechanics approaches in addition to
the analytical formulations of delamination and internal debonding would be further
discussed at the end of this chapter.
In Chapter 5, the experimental efforts for measuring material characteristics and also
process creasing and folding process tests with obtained experimental results will be
comprehensively explained. The quasi-static test procedure has to be first performed
and the material elasto-plastic characteristics will be then evaluated for each single
layer. However, this test data are appropriate to model the material response for
static creasing and folding operations with relative small deformation rates. The real
converting process instead is very fast with the high resulting deformation rates,
therefore it is strongly needed to measure paperboard material rate dependent
properties in order to enhance the final model based on the high dynamic converting
process. In the principle, a challenging and hard task will be developed to set-up a
high speed test facility with enough accurate measuring system for a thin and soft
paperboard ply. Furthermore, several complicated practical methods have to be
precisely employed to identify the shear and interfacial properties of single layers and
whole paperboard as well.
Chapter 6 describes the implementation of the material models and packaging
converting process into the FE tools. The phenomenological elasto-plastic material
models will be defined based on the anisotropic and rate dependent material
characteristics and cohesive models available in Abaqus are also applied for
interfacial and delamination analyses. For the converting operations, first a punching
creasing models will be set-up and afterwards the high speed creasing process using
dynamic rotating tools would be simulated. The folding simulation has to be created
and investigated in the next step, and the fundamental process characteristics such
as boundary conditions, tools shape and geometry and process kinematics will be
correctly studied according to the industrial packaging process; and the obtained
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input data as to be further implemented into the process models and converting
simulations.
In Chapter 7, the achieved numerical models for paperboard converting procedures
will be compared and validated due to the experimental test data. In this case, the
sets of creasing and folding experiments should be experimentally conducted based
on the real production line variations and the main converting parameters will be
comprehensively addressed for further investigations. For creasing tests, the resulting
forces would be measured at different creasing depths and speeds for both punching
and dynamic creasing, and the folding factor and corresponded bending moment will
be further evaluated for folding test. In a parallel way, the FE simulation for each
experiments will be separately issued and numerical results will be compared with
similar experimental data.
Potential analysis of the process performance and material optimizations are discussed
in Chapter 8. Since the final model is working properly and there are good agreements
between experiments and simulation results, the created model can efficiently assist to
examine the new parameters and their influences on a real converting performance.
The Chapter 9 includes the overall conclusion of the work and further goals and
remarks and outlooks for the next undergoing tasks.
Conclusively, the main target of this research program is to experimentally and
numerically study about paperboard composite materials properties and their
covering procedures under complex loading. First of all, the anisotropic material
properties will be evaluated based on the enhanced rate-dependents experimental
methods which are more suitable to predict material response during a very fast
dynamic converting procedures. The constitutive models will be improved to express
paperboard anisotriopc behaviours and FE simulations have to be further employed
to mimic the most significant converting operations for creasing and folding. A real
industrial packaging process will be deeply followed and implemented through the
FE simulations and the most significant material characteristics and process
parameters will precisely investigated. Finally, the final model will be
comprehensively validated based on the corresponding experimental test data, while
a very good agreements between the numerical model and experiments are achieved
as will be roughly depicted by Figure 3.1.
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Figure. 3.1: A general overview of experimental and numerical investigations
conducted in this work; material characterization, creasing and folding
experiments and simulation, delamination and interfacial analysis
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4 Continuum Mechanics and
Modeling of Packaging Process
4.1 Introduction
This chapter provides first a general introduction about continuum mechanics and
includes the kinematics of deformation, constitutive theory and balance laws and
different material modeling criteria in terms of the elasto-plastic behaviours,
hardening laws and mathematical formulation of small and large deformation
theories are further discussed. We will focus on anisotropic material response with
rate sensitive plastic formulations which is necessary for paperboard high dynamic
converting procedures. In addition to the conventional material modelings, a specific
analytical model for complicated material characteristics of paperboard structures
will be also discussed in details.
Moreover, the fundamental bases of finite element approach will be described in the
next step; and the application of FE models to solve the static and dynamic analyses
are represented consequently. Finally, the contact mechanics formulations and the
appropriate algorithms for modeling delamination inside a composite laminate and
interaction between the contact pairs as example paper and rigid tools in this study,





In order to describe the material converting mechanism, the material deformation
has to be precisely formulated based on the continuum mechanics approaches. A
reference and a current spaces are employed to describe an arbitrary material element
deformation and its displacement within undeformed and deformed configurations,
respectively. Deformation changes specifically the size, shape and position of a general
body from its initial to the deformed condition. Figure 4.1 shows schematically a
general overview of a continuum body deformation from its reference space B0 after
a specific time of t to the next deformed configuration βt.
Regarding the initial configuration state of a solid bulk at the reference time t = 0
without any applied loads. Since, the mentioned body is loaded with an external
force or moment at a given time of t, then it will be geometrically deformed, while a
specific particle of the body with the initial position of X is transformed to the new
position considered by x. To put it in another way, this is a Lagrangian description
of continuum body motion to locally describe the reference material coordinate while
the variable X is fixed during the motion time. In another representative specification
so called Eulerian space, the deformed continuum body is locally configured by the
spatial coordinates [29].
The displacement vector u is then defined in order to express the difference between the
current and reference positions during the time as [29]: To describe the deformation
mechanism, a small imaginary part of a continuum body in its reference configuration
is further investigated; while after applying an external load it is deformed to the new
deformed state as previously shown in Figure 4.1.
Through this deformation state it undergoes a combination of pure translation, rigid
body rotation and occurred stretch with resulting changes in size and shape. In order to
evaluate the corresponded deformation the reference material coordinate is figured out
in respect to the global XYZ axes. consequently, two separated points of P and Q with
an infinitesimal length on the undeformed body are considered in which the position of
point P is configured by vector X in respect to the reference state. The reference line
PQ with the vector length of dX is then locally deformed under implementation of an
external load and the resulting deformed body is specified in the current configuration
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Figure. 4.1: Continuum body deformation from undeformed (reference) to deformed
(current) configuration.
with the position points of P ′Q′ . In a similar way, the current positions finally
correspond to the reference state with a new vector called x.
The displacement vector u(X, t) is then introduced to describe the difference between
the current and reference positions during the time as [29]:
u (X, t) = x (X, t) − X (4.1)
As far as the solid body is assumed to be continuum during this deformation, hence
there must be specific relations between vectors x and X within two corresponding
coordinates. In order to relate the deformed and reference states, the deformation
gradient tensor F is expressed by [29]
F (X, t) = ∂x (X, t)
∂X
= ∇x (X, t) (4.2)
The resulting displacement can be represented based on the material coordinate
description. Considering two specific particles Pi and P ′i on the reference and
deformed coordinates, respectively, the displacement vector is specified by
u (X, t) = uiei (4.3)
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where ei is the unit vector to define the material coordinate; and the displacement
vector is then represented as the following
u (X, t) = x (X, t)−X (4.4)









∇u = ∇x − I = F− I (4.6)
where F is identified as the deformation gradient given in Equation (4.2). The
deformation gradient, F depicts thoroughly a complete explanation of a continuum
body deformation including both rigid body rotation and stretch. Rigid body
rotation results only the general body spatial positions and does not cause any
changes in the solid body shape or dimension and internal stresses. In continuum
mechanics problems, it is always of interest to distinguish between the effects of pure
rigid body rotation and stretch during a solid body deformation [30].
Furthermore, in three-dimensional consideration the change in a small volume of
continuum body from reference to current position is followed by
dx1 dx2 dx3 = J dX2 dX2 dX3 or dx = JdX (4.7)
where J = det (F). This equation can be applied to formulate the kinematic equation
concerned to the conservation of mass. Considering an amount of moving volume V (t),








Since V (t) corresponds to the material points,M(t) holds a constant value representing
its initial value M (0):∫∫∫
V (0)




where ρ0 is the density in the initial state. When V is arbitrary, ρJ = ρ0. Therefore,
the density can be obtained at any time based on ρ0 and the displacement field. It is
assumed that the initial density ρ0 is constant.
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4.2.2 Finite strain equations
Generally speaking, two adjacent particles on the reference configuration with the
initial positions of P = X and Q = X + δX generate a line on the continuum body.
After solid deformation, this straight line is displaced and the new positions on the
deformed state are evaluated as P′ = X + u (X, t) and Q′ = X + δX + u (X + δX, t),
respectively. Taylor’s approach is applied to formulate the deformation of the line
segment between two particles by the initial length of δX .












Considering dX = |δX| and dx = |δx| represent the initial and deformed lengths
respectively, the difference obtained by dx− dX is expressed as the resulting stretch.
Neglecting the lowest order in L,
dx2 = |δX + (δ.X.∇) u (X, t)|2 (4.12)
It is helpful to illustrate the equations in the format of index notation as X = (Xi) =
[X1, X2, X3] T and in the same way for u, than the Equation (4.12) is represented as
following
dx2 − dX2 = 2
3∑
i,j=1
εij δXi δXj (4.13)


















Regarding to the deformation gradient F, another description is followed to show both
deformation and rotation effects
F = RU = VR (4.15)
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where, R expresses the rotation continuum body rotation effect; and U and V are the
symmetric matrices called Right Stretch and Left Stretch Tensors respectively [30].
FTF = (RU)T (RU) = UTRTRU (4.16)
The left side of Eq. (4.16) is called the "Right Cauchy-Green Deformation Tensor"
represented by C = FTF ; and it can be further developed based on transformation
gradient by




= (det (F)) 2 = J2 (4.17)
Since, the resulting deformation in the continuum body is assumed to be large, then
the main concept of the finite strain is observed. Hence, the finite strain tensor,
also named the Green-Lagrangian strain tensor or Green – St-Venant strain tensor is
represented as
E = 12 (C− I) (4.18)
Following the similar way, body deformation is formulated in the spatial coordinate
by representing Left Cauchy-Green tensor B and Euler-Almansi strain tensor e as






4.2.3 Constitutive model and stress decomposition
The constitutive model of material elastoplastic properties is generally described
based on the fundamental of thermodynamics. In order to predict engineering
materials response during an industrial process, their phenomenological behaviour
have to be precisely formulated by using the mathematical theory of plasticity. As a
clear illustration, a typical uniaxial tensile test for a solid material is rather
formulated in this section. Despite of the fact that a one-dimensional constitutive
model seems simple in the principle, but it can comprehensively explain the basis of
material continuum properties based on the theory of plasticity [31].
Figure 4.2 schematically shows the elastoplastic bahaviour and the referring stress σ
and strains ε for conventional engineering materials during a purely uniaxial tensile
loading. The relationship between the resulting stresses and strains is further described
based on this stress-strain curve. However, each engineering materials represents its
45
4 Continuum Mechanics and Modeling of Packaging Process
unique stress-strain feature and it might be also different for tensile and compression
loading conditions as well. During a tensile load implementation, the resulting stress in
the solid material is monotonically increased from zero to a certain initial yield stress
value as σy and afterwards a state of material stiffening is occurred. The first stage
of this representative curve with stresses lower than σy indicates the elastic region of
material behaviour in which the occurred deformation and strain are reversible for
an unloading condition. When the applied stress reaches beyond the yield situation,
the permanent deformation is achieved in material and a kind of material hardening
phenomenon is observed due to the fact that a higher yield limit is achieved after each
loading and unloading conditions. The engineering total strain calculated as
Figure. 4.2: Uniaxial tension experiment and stress decomposition
ε = l − L0
L0
(4.21)
which L0 and l represent the original length of the material specimen and current
gauge length respectively. In a similar way, the engineering or nominal stress is also





To define the above-mentioned nominal stress and strains, it is assumed that the
original length and cross section do not change external loading condition; while in
the reality it is not precise completely. In this reason and in order to employ the correct
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material data thorough a numerical simulation, the true stress and strain definitions













The elastic domain is described based on the resulting stress and total strain by
σ = E (ε− εp) (4.24)
which E indicates the Young’s modulus which is unique for each material. The total
strain itself is decomposed into the main components of εe and εp corresponding to the
fully reversible and permanent deformations respectively. The difference between the
total strain and reversible strain indicates the plastic strain within the unloading till
the stresses reach to zero. The elastic constitutive law for a solid material is generally
defined by
σ = E εe (4.25)
Concerning to the paperboard material studied in this work, they extremely show
anisotropic bahaviour and the material characteristics strongly depend on material
orientations. Based on the uniaxial experiments, each layer represents stiffer elastic
and plastic properties in machine direction (MD) in comparison to the cross direction
(CD). Furthermore, in comparison to other conventional engineering materials they
do not show identical properties in tensions and compression; and even their in-plane
and ou-of-plane material bahaviour is completely different. Therefore, the conventional
continuum approaches are not sufficient to describe paperboard material proprieties for
complicated converting procedures; while the enhanced constitutive models are needed
to model these complex composites with high anisotropic behaviour. In this reason,
it has to be precisely have taken into account to develop an analytical based material
model in which can represent the above-mentioned unique bahaviour of paperboard
based structures.
4.2.4 Velocity gradient and rate of deformation
In many engineering practical problems, the real process and corresponded material
response are time dependent; and the material deformation mechanism would be
strongly dominated based on the time of the process itself. It is necessary to conduct
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time dependent constitutive models for materials which represent creep, relaxation
and viscoplastic properties. Based on own preliminary test experiments, paperboard
materials exhibit rate dependent properties with higher resulting maximum stresses
at higher elongation rates. In comparison to the conventional plasticity models,
dealing with material models including time dependent formulations are more
complicated. Therefore, this phenomena is much of interest and has to be precisely
studied for paperboard dynamic converting procedures, since a large amount of
material deformation can be observed just during a time of a few milliseconds.
When a solid material is elongated during the time interval of dt, the corresponded





Assuming a velocity field to describe the material elements velocity v which vary
spatially during the material deformation period. The velocity increment dv for an





which the velocity gradient called L indicated the current spatial rate of the material

















= LF; L = ḞF−1 (4.29)
Based on Equation (4.28), material velocity gradient L relates the deformation gradient
to its rate of changes itself; and can be split in two symmetric D and asymmetric W
tensors to describe material element stretch and rotation respectively. The symmetric
part is called rate of deformation tensor and the asymmetric part of the velocity
gradient is defines as continuum spin tensor as the following














The elastic behaviour of a solid material is restricted since the applied stresses are still
lower than the yield condition. To distinguish between the elastic and plastic domains,
a criterion of yield function f is described as
f (σ, σy) = |σ| − σy (4.32)
where |σ| is the current stress within an uniaxial stress state. The elastic region Φ is
defined for the load conditions in which satisfy
Φ = {σ | f (σ, σy) < 0} ; σe < σy (4.33)
For many engineering materials it is assumed that the yield condition is identical
through tension and compression loading condition [30, 31]. As far as the resulting
stresses are in the elastic region, only a reversible straining is achieved, while for
the stress values of equal or higher than the yield stress, both plastic loading with
further plastic deformation or even elastic unloading can occurred. To correspond
the resulting plastic strain with respect to the stress condition, the yield condition is
further reformulated by
If f (σ, σy) < 0 ⇒ ε̇p = 0
If f (σ, σy) = 0 ⇒
ε̇p = 0 for elastic unloadingε̇p 6= 0 for plastic loading (4.34)
which plastic strain rate ε̇p represents the plastic deformation evaluation in material.
When a material is loaded in different directions, the general stress tensor σ is instead
employed to describe the yield function. The most conventional plasticity model for
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isotropic material during a multiaxial loading condition was firstly expressed by Von
Mises (1913) which depends on a scalar effective stress σe value as
σe =
(3




In Equation (4.36), σ´ represents the deviotoric part of the applied stress given by
σ´ = σ− 13Tr (σ) I, whereas Mises yield criterion generally indicates that hydrostatic
stress does not lead to a yield condition in principle. The effective stress can be also
expressed according to the principle stresses by
σe =
(3






(σ1 − σ2)2 + (σ2 − σ3)2 + (σ3 − σ1)2
] 1
2 (4.36)
and the final yield condition is then reformulated by
f = σe − σy =
(3




For an orthotropic paperboard material studied in this work, the Hill´s yield function
is employed to formulate the material anisotropic plastic behaviour. Axis 1 is parallel
to MD, and the axes 2 and 3 represent the paperboard material CD and ZD material
orientations, respectively. The yield function is described as the following
f (σ, σy) = F1(σxx−σyy)2 +F2(σyy−σzz)2 +F3(σzz−σxx)2 +F4σ2xy+F5σ2yz+F6σ2xz− σ̄2
(4.38)
where σij are the nonzero applied stresses and σ̄ (a non-dimensional scalar) is a relative
yield stresses which represents the Hill’s yield surface size in a six-dimensional stress

































in which σ0ii indicate the initial uniaxial yield stresses in the principal axes when σ̄ and











and σ0ij are the initial shear yield stresses on the referring planes orthogonal to the main
principal directions. For a general stress state through material plastic deformations,
the current yield stress of hardening the yield stress σyij is corresponded by [31]
σyij = σ̄ σ0ij (4.41)
The above-mentioned yield criteria are appropriate to describe the elastoplastic
behaviour of many engineering materials with isotropic or orthotropic characteristics.
As it has been already discussed, in comparison to usual conventional materials,
paperboard materials themselves represent a unique response for in-plane,
out-of-plane and even tough during tension and compression which make them more
complicated for analytical and further numerical analyses. Due to this reason, an
appropriate analytical model has been specifically developed which can precisely
describe the paperboard material bahviour during FE simulations. This model has
been efficiently calibrated based on the obtained experimental results and we will
discuss about it in Section 4.3 in details.
4.2.6 Hardening law and plastic flow
In previous section the material plastic behaviour and yield condition based on different
criteria were discussed. The main question risen is that what happens after yielding.
Since the applied loads exceeded to the yield stresses, the plastic deformation is further
occurred under extra loading condition. In order to determine the resulting plastic
straining after yielding the plastic evolution is explained by plastic flow rule according
to plastic strain rate ε̇p. Based on Equation (4.34) the evaluated plastic strain is
directly related to the implemented stresses and its rate of changes is positive and
negative through tension and compression respectively [31]. Moreover, by definition
of flow rule and corresponded plastic normality, it will be determined that in which
direction the resulting plastic strain can be propagated.
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As an example of uniaxial loading condition, the plastic flow rule is described by [31]
ε̇p = λ̇sign (σ) (4.42)
which λ̇ is introduced as plastic multiplier and it takes always the positive values by
λ̇ ≥ 0 and sign as the signum function and for an arbitrary scalar value of a is defined
by
sign (a) =
+1 If a ≥ 0−1 If a < 0 (4.43)
Using the Equations (4.34) and (4.43) the complementary condition is achieved by
fλ̇ = 0 (4.44)
It is observed that during elastic domain while the stress state inside the material is
still lower than the yield stresses, no plastic flow can be occurred as was explained as
f < 0 then λ̇ = 0⇒ ε̇p = 0 (4.45)
and the plastic flow is evaluated as far as the resulting stresses reach to the yield state
|σ| = σy then f = 0 ⇒ λ̇ ≥ 0; ε̇p ≥ 0 (4.46)
Considering Equations (4.33) and (4.44) in addition to the phenomenon of λ̇ ≥ 0 the
elasticplastic response during loading and unloading is reformulated by plastic flow
evolution as the following
f ≤ 0, λ̇ ≥ 0, λ̇f = 0 (4.47)
For a multiaxial loading condition the increment of plastic strain tensor dεp is explained












Plastic flow based on Equation (4.49) indicates that the increment of plastic strain
tensor follows a direction in which is normal to the material yield surface at any load
point. To put it in another way, this normality hypothesis of plasticity is related to
the resulting principle stress directions and plastic strain increment is consequently
expressed by ∂f
∂σ
to represent the plastic deformation after yield condition.
Isotropic hardening and strain hardening
For a solid materials elastoplastic bahaviour expressed by Figure. 4.2, after yield
condition when the resulting stress is exceeded than σy, then more stress is needed
for further plastic deformation. This phenomenon is called material hardening and


















Considering uniaxial stress-strain curve represented in Figure 4.2, the subsequent
yield surface under non-linear hardening condition is further depicted by Figure 4.3.
Based on the isotropic hardening criterion, the yield surface is expanded uniformly in
all material principle directions in respect to the higher resulting stresses, but keeps
its original shape as specified initially at the initial yield state. Based on Figure 4.3,
when the applied stress σ2 in this example reaches to σy the initial yield condition is
happened. In order to describe material hardening behaviour within further
implemented loads, the stress point should be remained on the yield surface in order
to satisfy the consistency condition. Furthermore, for an isotropic hardening when a
solid material is loaded under cyclic loading conditions through loading and
unloading situations, the initial yield stresses is increased after each loading cycle.
The new yield surface shape is evaluated based on the current stress state and
accumulated plastic strain εp and the yield function is updated as
f (σ, εp) = σe − σY (εp) = 0 (4.52)
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Figure. 4.3: Isotropic hardening based on nonlinear stress-strain hardening, [30]
and σY (εp) represents equivalent stress concerning to material hardening response
during plastic deformation by
σY (εp) = σy +R (εp) (4.53)
which R (εp) is expressed as the strain hardening function. For the loading situations
since the strain rate and loading temperature effects are not very significant, only one
variable εp is sufficient to describe a solid material plastic flow. Different analytical
formulations are available to describe R (εp) based on accumulated plastic strain [32].
The most conventional model is expressed by Voce [33] which is widely used for many
solid material plastic hardening description as





and Q and n are the material constants and are evaluated based on the quasi-static
tensile test experiments. In comparison to the other similar hardening functions, this
model exhibits a saturated stress condition in which Q represents the saturated state of
stress-strain curve and n indicates the saturation rate. Another analytical formulation
for strain hardening is based on Ludwick constitutive model as
R (εp) = Qεnp (4.55)
and expresses an unsaturated description for material plastic flow. Considering both
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mentioned models, the first one might predict a fast saturation situation for some
materials and the second one can also result extremely a stiff material response
instead for example during numerical analysis. In this reason, an improved model
has been introduced by as Hockett-Sherby to overcome these limitations using one
further material parameter as [32]





Finally, another improved model called generalized Voce law [33] has been introduced
as





This model is mostly appropriate to calibrate the material behaviour of conventional
metals in which a large amount of plastic strain is observed during tensile loading.
Paperboard materials indicates a very soft in addition to the small plastic strains
in comparison to other engineering materials. During this work several efforts have
been precisely investigated to express the material response and finally the best fitting
was achieved based on conventional Voce model. The further explanation of material
calibration will be described more in details for both quasi-static and dynamic response
in the next chapter.
Strain rate effects on hardening law
Note that all hardening models represented in the previous section describe
rate-independent plastic hardening law. For many practical applications instead,
material elasto-plastic response strongly vary based on the loading speed; and time
dependent material characteristics like rate-dependent plasticity, creep and relaxation
properties have to be further investigated. The characterization of material creep and
relaxation properties are not much of interest for a paperboard dynamic converting
procedure, since this process itself is extremely fast without any steady-state
deformation condition. Therefore, the proportion of the energy dissipation or
hysteresis effects are negligible and that is why, it will be specifically focused on
paperboard rate dependent plasticity and yield condition. During this work, the
conducted dynamic tensile tests revealed that paperboard plies generally behave
stiffer during higher elongation speeds, and in particular higher plastic stress-strain,
fracture strength and relatively more initial yield stresses were observed.
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It is necessary to describe material’s yield behaviour accurately when the yield
strength depends on the rate of straining. Hence, the Equation (4.53) is









. In order to explain
material rate dependent yield criterion, both accumulated plastic strain εp and
equivalent strain rate ε̇ have to precisely included into the hardening law. Based on
the available continuum approaches, material rate sensitivity should identify material
rate dependent proprieties in comparison to the reference quasi-static data [32].
One on the most applicable model to explain material rate-dependent elasto-plastic
hardening behaviour was expressed by Johnson-Cook [34]. This model effectively
formulate material hardening response in respect to the resulting plastic strain,
equivalent strain rates and temperature as well. The main capability of this model is
due to its efficient implementation through FE analyses and numerical applications.
In this approach, material yield stress formulation is a combination of a power law
including equivalent plastic strain defined by Equation (4.54) in addition to a natural
logarithmic function which is represented based on the equivalent plastic strain rate.
Since, the paperboard material dynamic response has been strongly focused in this
work and the paperboard material softening behaviour under higher temperatures
are not considerable, hence the temperature effects of Johnson-Cook model will be
neglected for material calibration. Based on Johnson-Cook model, the material










where C is a material constant and ˙̄ε0 represents the corresponding strain rate at
reference case in quasi-static tensile test conditions. Both material constants are
evaluated during rate dependent tensile test calibration. Another analytical model











and C and p are again material parameters which are determined during material
dynamic test data calibration procedure. Based on Cowper-Symond model the
material dynamic response under different elongation rates is represented by scaling
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the quasi-static yield characteristics by implementation of a power law. In a specific
point of view, this model calibrates material rate dependent yield stresses in respect
to different strain rates but keep the original slope and shape of the static
stress-strain curve and hardening flow. Finally, a simple power law has been also










with only two material constants of ˙̄ε0 indicating the reference static response and m
is the power coefficient determined by dynamic fitting. Considering materials rate-
dependent behaviour, several responses can be generally observed during a dynamic
tensile test as mechanistically is depicted in Figure 4.4 [32].
Figure. 4.4: Different types of rate-dependent plastic behaviour, [32]
Furthermore, the above-mentioned analytical models might occasionally predict
different shape and tendency for a material stress-strain curves [36, 37]. In this
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reason, to obtain an accurate material formulation, it has to be taken into account to
evaluate the effective characteristics such as elastic modulus, plastic hardening and
rate sensitivity and distinguish their difference during quasi-static and dynamic
tensile experiments. Afterwards, the final dynamic model is calibrated by a coupling





way. Based on Figure 4.4, four different material hardening shapes have been already
introduced in the literatures as the following [32]:
Shape1: In this form, the initial yield stress is constant at different elongation rates
and only the plastic hardening response is affected by material strain rate sensitivity.
For this approach the final rate-dependent elaso-plastic material properties is











Shape2: The strain hardening based on this approach is not influenced by the strain
rate sensitivity and only the initial yield stress is a rate dependent parameter. For
this case, the initial quasi-static stress-strain carve as the reference case is just shifted










Shape3: Both initial yield stress and the stress hardening part have been affected by
elongation rates; therefore the final model is a multiplicative coupling of Equations










This analytical formulation has been widely used by Johnson-Cock [38] to describe
solid material dynamic modelings.
Shape4: Similar to the previous form, both initial yield stress and strain hardening
are rate dependent but they variation are not identical. For this reason, two
separated strain rate sensitivity functions are needed to explain the material















4.3 Analytical model for paperboard material characterization
Most of the represented material models have been already refereed to identify and
express the conventional engineering materials such as metals, composites and yarns
which undergone to the high dynamic loads during high speed industrial applications
[38–46]. In the meantime, there is still no reference or published research work
contributing the rate-dependent and dynamic collaboration model of paperboard
material itself. During this work, the rate-dependent tensile tests of paperboard plies
extremely behaved as type 1 and further material calibration and dynamic model
set-up has been formulated in this matter. The relevant dynamic test data analysis
and resulting material calibration is further discussed in Section 5.5.
4.3 Analytical model for paperboard material
characterization
In previous sections, the fundamental equations of finite strain plasticity was
described and subsequently the main formulation of material constitutive models,
hardening law and material yield plasticity were further discussed. It has to be
further noticed that multi-layered paperboard materials represent a kind of specific
in-plane and out-of-plane anisotropy in addition to different material properties in
tension and compression loading. Therefore, those above-mentioned conventional
models are although appropriate to describe paperboard material response for many
industrial applications; nevertheless it has always been of interest to develop
analytical models based on the specific characteristics. Using such an improved
analytical models, the numerical simulations can be improved for further material
characterizations, especially when the new material generations are of interest.
Several analytical models has been already formulated to describe paperboard
material characterization [4, 12]. In this section, a constitutive formulation for
paperboard elasto-plastic anisotropic behaviour based on Li et al. analytical model
[5, 8] has been directly represented. This model is principally based on orthotropic
linear elasticity and the material plastic flow is configured by a non-quadratic
multi-axial yield conditions. The yield surface is evaluated based on an accumulative
plastic strain and its main shape is anisotropically figured in respect to the coupling
of MD and CD normal loads [4]. The total deformation gradient expressed by
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Equation (4.2) is decomposed into the two main terms called elastic Fe and plastic
part Fp which represent material elastic and plastic responses, receptively.
F = FeFp (4.65)
This decomposition is further used to split the right Cauchy-Green strain tensors
described by Equation (4.16) into elastic and plastic parts as the following:
C = FTF ; Ce = FTe Fe ; Cp = FTp Fp (4.66)
An intermediate configuration is employed in order to decompose the strain tensor
Figure. 4.5: Deformation gradient elastic and plastic decomposition, [8]
multiplicatively; whereas comparing to the continuum body deformation mechanism
including undeformed (reference) and deformed (current) configurations depicted by
Figure 4.1, a new material state termed by intermediate configuration state is defined
as shown schematically in Figure 4.5. To formulate this analytical constitutive
model, all elasto-plastic equations will be represented based on this intermediate
configuration. Furthermore, in the case of kinematic hardening implementation, the
plastic deformation gradient should also be decomposed into an energy storage part
and energy dissipative part by introducing additional configuration [47]. For this
current model, only the isotropic hardening law has been conducted [8] which means
that it will contain only three fundamental configuration states.
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4.3.1 Constitutive equations
Beside to the common finite plasticity problems, this analytical model is further
formulated according to the Clausius-Duhem inequality condition as the following [8]:
− ψ̇ + S : 1
2
Ċ ≥ 0, (4.67)
where ψ is the Helmholtz free energy and S is expressed as the second Piola-Kirchoff
stress tensor. The Helmholtz energy function can be further decomposed into the
elastic part ψe and plastic part ψp:
ψ = ψe(Ce,Mα,Cp) + ψp(A), (4.68)
where Mα are three second-order structural tensors which are described by using of
dyadic product as the following:
Mα = Nα ⊗Nα, α = 1, 2, 3. (4.69)
Since the paperboard material represents anisotropic material characteristics in
machine direction (MD), cross direction (CD) and through thickness (ZD), the
structural tensors satisfy the following condition
M1 + M2 + M3 = I, (4.70)
The total time derivative for the free energy is further reconstructed in elastic and
plastic parts by
ψ̇ = ψ̇e + ψ̇p, (4.71)
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Substituting Equations (4.72) into the Clausius-Duhem inequality by Equation (4.67)









: Ȧ) + S : 12Ċ ≥ 0. (4.73)
The elastic part of the Cauchy-Green strain tensors can be represented based on the
deformation gradient as:
Ce = FTe Fe = F−Tp CF−1p (4.74)
and by implementing the product rule, the total time derivative for the elastic part of
the Cauchy-Green strain tensor can be written as:
Ċe = ˙F−Tp CF−1p + F−Tp ĊF−1p + F−Tp CḞ−1p Ḟ−1p (4.75)
The plastic deformation rate gradient is further defined based on the plastic part of
the deformation gradient as the following
Lp = ḞpF−1p , (4.76)
and the equation (4.75) is reformulated by substituting Equation (4.76) by
Ċe = −LTp Ce + F−Tp ĊF−1p −CeLp (4.77)
Using tensor algebra properties and employing the plastic part of the Cauchy-Green
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4.3 Analytical model for paperboard material characterization
where S is the Second Piola-Kirchof, M is the Mandel stress tensor and X is the
densification related to the stress tensor. Finally, the Clausius-Duhem inequality can
be reduced to the following form
(M−X) : Lp −Θ.Ȧ ≥ 0 (4.80)
For the analytical elasto-plastic model of paperboard discussed in the next sections, the
relative stress in the intermediate configuration Σ = M−X will be used to describe
paperboard yield function.
4.3.2 Elasticity
To describe the nonlinear elastic behavior of paperboard in thickness direction, the
elastic strain energy will be decomposed into linear part ψeani and nonlinear part ψetop
as the following
ψe = ψeani + ψetop (4.81)
which the linear part contains all types of loading in all directions except for ZD. The
strain energy function what is used for analytical yield model will be followed from
the same model introduced by Reese et al [48, 49]. Due to the fact that paperboard
structure is fiber based without any matrix, only the orthotropic part of the total
strain energy function is considered.
ψeani = Kiso2 (I2 − 2I1 + 3) +Kani11 (I4 − 1)2 +Kani12 (I5 − 4I4 + 3)
+Kani21 (I6 − 1)2 +Kani22 (I7 − 4I6 + 3)
+Kcoup1(I1 − 3)(I4 − 1) +Kcoup2(I1 − 3)(I6 − 1)
+Kcoupani(I4 − 1)(I6 − 1),
(4.82)
where Kiso2 , Kani11 , Kani21 , Kani12 , Kani22 , Kcoup1, Kcoup2, Kcoupani are material constants
which can be fit from experimental tests like in-plane tension in MD and CD. The
invariants of the elastic strain tensor Ce can be calculated as follows [8]:




1 − tr(C2e)), I3 = detCe,
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This part will account for the influence of material densification during out-of-plane
loading in ZD.




8 − 1) +
1
α
(I−α8 − 1)], (4.84)
where Ktop and α are positive material constants. β is contributed to the densification
effects which is always positive with a lower limit of zero; which β = 0 indicates a
hyperelastic behavior without densification effect. I8 can be written in the following
form
I8 = tr(CeM3) = Ce : M3 = Ce(3, 3) (4.85)
To include the volume change during plastic deformation, Jp is included which is
expressed by the following equation
Jp = det(Cp) (4.86)
Since it was mentioned in the previous section, the constitutive equations will be
written in the intermediate configuration. Therefore, the second Piola-Kirchoff defined
by Equation (4.79) is calculated in the reference configuration. To calculate the stresses
at the intermediate configuration, a new stress tensor S̄ is further introduced by
S̄ = 2 ∂ψe
∂Ce
(4.87)
In order to identify the constitutive equations for the stress tensors, the intermediate
stress tensor can be decomposed into two main parts, S̄ani which represents the
orthotropic behavior of paperboard, and S̄top which represents the non-linear elastic
behavior of paperboard [8]
S̄ = S̄ani + S̄top (4.88)
The orthotropic part of stress tensor will be considered as a linear behavior [8],







L indicates the stiffness tensor. The second derivative of Helmholtz energy function
is driven due to the Cauchy-Green tensor ∂2ψe
∂2Ce and the stiffness tensor will be
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reformulated as




During the in-plane tensile tests conducted on the paperboard materials shown in
Figure 4.6, small strain bahaviour was observed before the final rapture. For this
reason, the components of the stiffness tensor concerned to the in-plane direction will
be considered as constant. The densification related stress tensor Xe can be described
by the following equation:
Xe = −γJ−γ−1p JpKtop[(I28 − 1) +
2
α
(I−α8 − 1)]M3 (4.91)
According to the Equations (4.79) and (4.87), the Mandel stress tensor will be further
described in the intermediate configuration by
M = CeS̄ (4.92)
4.3.3 In-plane plasticity
To evaluate the paperboard plastic characterization, a set of in-plane tensile test
have been conducted [3] and the most significant elsto-plastic parameters have been
further evaluated as depicted by Figure 4.6. Regarding to the obtained experimental
results, paperboard composite extremely exhibits an isotropic bahavior due to the
different loading directions. As it was already discussed, it represents considerably
stiffer properties in MD for both elastic modulus, initial yield stress and maximum
fracture stress in comparison to CD. The resulting elongation in CD is instead higher
due to the facts that the most natural fibers would be oriented in MD during board
manufacturing process. In comparison to the above-mentioned test experiments,
paperboard represents often lower compression strengths during in-plane compression
loads. Generally, it is a crucial and complex task to identify in-plane compression
properties of paperboard since this soft and very thin structure will be buckled
during in-plane compression loads. Furthermore and due to the fiber based
anisotropic response of paperboard structure, it can be significantly affected in MD
when it is being loaded in another direction in CD. Figure 4.7 indicates the
paperboard axial and lateral plastic attraction during different tensile loadings in
MD and CD, respectively.
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Figure. 4.6: Paperboard in-plane uniaxial tensile test data tension in different
directions, [5]
Figure. 4.7: Axial and lateral plastic strain effects for MD and CD, [5]
Considering the paperboard anisotropic properties, a new yield criterion has been
further employed based on the implemented tensile test experiments [5]; whereas it
represents a multi-surface yield model as is applied for paperboard material plasticity
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− (σy1 +R1) (4.93)
and xα is defined as a switching factor for projection of stress vector on the right yield
plane.
xα =
1 Σ : Mα > 00 otherwise (4.94)
In Equation (4.93), Mα represents the plane normals of the multi-surface yield locus
Figure. 4.8: Multi-surface analytical yield surface for paperboard in-plane plasticity,
[5]
and will be evaluated like stress tensors as have been illustrated in Figure 4.8.
Furthermore, they have been determined by constant values since the ration between
the axial and lateral plastic strain is constant as was already depicted by Figure 4.7.
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In Equation (4.95) M1 and M2 represent paperboard MD and CD plastic behaviour,
respectively and M5 indicates paperboard in-plane shear response. For the remaining
normal concerned to the compression negative stress states, it will be assumed that
they get the same values but with different directions by: M3 = −M1 and M4 = −M2
and M6 = −M3. It has to be noticed that dCD and dMD express the ratios between
the lateral and axial plastic strains, respectively and r0α identifies the ratio of the
distance between the yield surface origin and the αth yield plane in respect to the






















































































The superscripts of t and c exhibit the tensile and compression, respectively. The
hardening function conducted trough this analytical yield approach is reconstructed







In Equation (4.99) Q and β are the material constants and κ is the equivalent plastic
strains which is here equal to the plastic multiplier.
κ̇ = λ̇ (4.100)








where Lp is the plastic deformation rate tensor, and g1 represents the direction for
the plastic deformation rate tensor. The constitutive equations for the in-plane model
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can then be summarized by the following set of equations.




p , Σ = M −X

















When the paperboard material undergo into the through thickness compression
loads, the new bonding between the fibers will be generated and a kind of stiffer
response is then observed. Out-of-plane behavaiour; especially during compression is
indeed a combination of resulting shear and compressive stress and internal friction
as well. In this reason, a new analytical yield surface has to be further employed to
describe paperboard out-of-plane characteristics. This effect has been experimentally
investigated [8] as shown in Figure 4.9. It has been revealed that during a combined
compression-shear test, the resulting yield stress would be influenced by implemented
compression loads. Conclusively, the yield stress in shear direction has been
proportionally increased at higher out-of-plane compression loads. Such combination
of shear and compression can be defined as
Pt = Py0 − Pntan (θ) (4.103)
The suggested yield function for formulation of paperboard out-of-plane properties is
mainly identified in respect to the stress tensor Σ at the intermediate configuration.
Since, the in-plane material response does not affect on the through thickness
behaviour; therefore only the out-of-plane components has been considered to
formulate paperboard material modeling. Similar to Equation (4.93) the out-of-plane








)2k 12k − 1 (4.104)
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The out-of-plane yield function is based on the through thickness stresses space. The








which includes mainly two stress components contributed to the out-of-plane
compression T1 ; and the equivalent through thickness shear stress T2 .
Considering the multi-surface shape of the analytical out-of-plane yield surface, the
material plastic flow direction is then determined according to the yield plane normals
Hα. The yield function depicted by Figure 4.10 has three representative plane normals
indicating different stress states. H1 represents the out-of-plane tension and H2 and
H3 express the out-of-plane equivalent shear and compression, respectively they will
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where θ is called as the friction angle and it will be determined by the coupling of
out-of-plane compression shear test procedures. The parameter k implemented in
Equation (4.104) is employed to result round corners between different yield planes
as shown in Figure 4.10 which is in general an influencing parameter for numerical
analyses. Finally, the hardening function [8] employed for the out-of-plane model has
Figure. 4.10: Multi-surface analytical yield surface for paperboard out-of-plane
plasticity, [8]
the following formula
σyα = σy0α(1 + cακα)γα (4.108)
where









4.4 Contact and interfacial formulation
For the determination of the resulting plastic strains, the following flow rule has been








The constitutive equations for the out-of-plane model would be further summarized
by the following set of equations.




p , Σ = M −X
Lp = λ̇2g2, κ̇α = λ̇ < Z.Hα >, σyα = σy0α(1 + cακα)γα








)2k 12k − 1
(4.112)
Using the improved analytical model, the complex behaviour of multi-layered
paperboard materials can be explained in a proper way. It formulates paperboard
in-plane and out-of-plane anisotropy and nonidentical material response during the
tensile and compressive loading conditions.
4.4 Contact and interfacial formulation
In this section the contact interaction between a deformable and a rigid body is studied.
Paperboard converting operation is indeed an interaction between a set of rigid tools
and soft materials; therefore a complicated contact mechanics with resulting normal
pressure and tangential stresses occur on the contact zone between paper laminates
and rigid converting tools. Since the final paperboard laminate includes several layers
with various stiffness and interfacial strength, the investigation about the interlayer
interaction and resulting delamination and debonding between different plies must be
precisely studied as well. It seems, the resulting contact characteristics in the contact
zone is a combination of the normal and tangential interactions which strongly depend
on:
• Effective contact area between contact pairs
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• Magnitude of the normal and tangential forces acting at the contact zone
• Surface roughness
• Frictional and adhesional interaction between contact pairs
4.4.1 Normal contact analysis
For a stiff contact assumption, no penetration happens between the contact pairs.
During an implemented normal pressure on a contact patch, the resulting vertical
gap gN between two contact points indicates the real contact situation; since gN ≥
0 and gN = 0 represent the open and close contact conditions, respectively. The
second essential assumption in contact interaction analysis, expresses that no traction
forces can be transmitted between contact pairs unless during adhesional interaction.
The mathematical description of this boundary constraint is described based on the
resulting contact pressure pN :
pN = tn (4.113)
where t and n are the normal traction and unit vector respectively. To put it in
another way, Equation (4.65) leads that pN ≤ 0. Therefore, for a contact situation by
gN = 0 the resulting contact pressure gets pN < 0 and further for a separation state
when there is no contact then the contact pressure is zero pN = 0. These interaction
situations are expressed by the so called Kuhn-Tucker inequity as
gN ≥ 0 ; pN ≤ 0 =⇒ pNgN = 0 (4.114)
During the FE analysis, there are several options to enforce these assumptions
during the simulation which relates the current normal gap and the resulting contact
pressure. By implementation of the penalty method evaluated by
spring-displacement assumption the normal contact interaction is reproduced as
pN = KN gN (4.115)
KN indicates the contact normal stiffness.
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4.4.2 Tangential contact analysis
For the frictional contact problems it is generally supposed that the local stresses
resulting on the contact patch are different for each contact body and the corresponded
strains and deformations of every arbitrary point of the contact pairs are related
to its local position. Therefore, the displacement of the contact points can vary at
different locations. In this case two situations can occur. Since the common particles of
the contact bodies have identical position during the contact motion, which is called
sticking (elastic) state, and the partially relative displacements are occurred in the
contact patch termed by slipping (plastic) situation. It is assumed the resulting shear
stresses on the contact patch is τ = [τt, τs] T , t and s depict the first and second
tangential directions, respectively. The maximum probable tangential stress on the
contact patch is related to the current normal pressure pN and the friction coefficient
µ by
τmax = µpN = µKN gN (4.116)
Since the tangential stress is lower than the critical maximum stress τ < τmax then
the sticking contact situation is dominated and the resulting plastic deformation is
vanished. However, when the resulting tangential stress reaches to the maximum
value then the slipping occurs instead; therefore the direction of the current shear






Several assumptions were introduced in literature to formulate the interface model
and corresponding delamination of composite structures. Adhesion and resulting
debonding between composite as one of the most prominent phenomena has been
widely investigated in contact mechanics. In order to evaluate the corresponded
adhesion strength on the sliding pairs a specific description based on a real physical
conditions is required. In the following, a cohesive based model has been specifically
conducted to describe the interaction between the paperboard composite plies.
This model is generally formulated by a constitutive approach based on the resulting
traction and separation at contact interfaces. A typical traction-separation interaction
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for cohesive surfaces are depicted by Figure 4.5. The term of separation is characterized
in two principle configurations; the normal separation when two contact points are
purely separated from each other, and tangential separation is expressed by the relative
sliding between contact common nodes. This constitutive model law assumes a linear
elastic response until the resulting traction reaches to the maximum bonding strength;
and afterward it is followed by evolution and propagation of damage on the interface.
The traction-separation law is represented by
{ti} =

Kiδi, δi ≤ δmi
(1−Di) Kiδi, δmi < δi ≤ δ
f
i
0, δfi < δi
(4.118)
In Equation (4.70) the index of i indicates the principle directions for normal and
two tangential separations, and ti and Ki represent the resulting interfacial traction
and penalty stiffness respectively. On the first stage, the adhesion traction linearly
exceeds to the maximum value of tmi at δmi and afterwards the evolution of the
interface damage is governed and would be further propagated till maximum
resulting fracture at δf . In order to express the interface damage, a scalar parameter
of D is introduced to relate the softening behaviour based on the constitutive law. It
can be formulated by a linear or nonlinear description and the nonlinear as the most














which δ is the accumulative separation and α is a non-dimensional parameter
representing the damage propagation rate. For the practical applications the exact
values of traction-separation properties are evaluated by experiments as will be
discussed in Chapter 5. Moreover, there are several analytical methods to implement
these characteristics into the numerical simulations according to the current
separation, traction or fracture toughness.
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Figure. 4.11: Traction-separation behaviour for interfacial cohesive model
4.5 Conclusions
In comparison to the conventional engineering materials, paperboard composites
strongly represent complex material characteristics since they indicate significant
anisotropic properties in different material principle orientations during tensile and
compression loads. Furthermore, it is very important to evaluate and formulate their
rate-dependent material behaviour during a high speed dynamic converting process.
In this chapter, the fundamental approaches of material deformation and constitutive
models have been introduced to describe paperboard composite properties.
Furthermore, it has been specifically focused on the rate-dependent material
modeling in which it is necessary to formulate paperboard characterizations during
the high speed converting procedures.
Moreover, the main issues of the contact mechanics and corresponded formulations of
the interaction between a soft material and rigid converting tools were discussed.
During a real packaging converting process, the resulting delamination and
debonding between the paperboard composite plies significantly affect the final
package performance; therefore the analytical interface models were further
explained in this chapter. Using the cohesive models, the interaction between
different layers will be modeled based on the real applications and the occurred
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delaminations and debonding between paperboard plies can be comprehensively
predicted and investigated.
78
5 Development of Experimental
Methods for Paperboard Material
Identification
5.1 Introduction
The quality of the analytical and numerical simulations of paperboard converting
process strongly depends on the accuracy of paperboard material modelings. To put
it in another way, to calibrate the constitutive formulations discussed in the previous
chapter, it is comprehensively necessary to extract paperboard material characteristics
based on the real experimental test data. In this case, the material parameters of
a paperboard composite including the anisotropy, tensile and shear properties and
above all its rate-dependent dynamic properties have to be distinguished. Beside to
the material modeling, further technical and practical experimental methods have to
be accurately conducted during paperboard composite test procedures. Regarding
the fact that paperboard plies are very thin and soft in principle, therefore it is a
challenging task to adjust the appropriate experimental devices for clamping, loading
and measuring the material characteristics.
In this chapter, the new improvement of experimental methods for paperboard
material characterization will be discussed. First of all, the quasi-static tensile tests
will be represented in which the elasto-plastic behaviour of each layer can be
obtained for both material orientations in MD and CD. The static test data are
sufficient to calibrate the material modeling for low speed converting process such as
punching creasing procedures. Furthermore, an enhanced practical method will be
especially developed to identify paperboard out-of-plane shear properties by using
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rigid block shear test (RST) and double notched shear test (DNST). The first
method provides the whole shear stress-strain curve and the second approach is a
strong way to evaluate a paperboard through thickness shear strengths. The
dynamic test procedures will be also deeply discussed and the main experimental
difficulties, technical limitations and final proposed solutions would be deeply
explained. Finally the material calibration based on the achieved experimental test
data will be represented and the rate-dependent material models based on the
formulation of Section 5.4 will be identified.
5.2 Quasi-static tensile test
For the material test procedures during this work, a paperboard with a grammage of
240 g/m2 has been chosen as the reference material from a real packaging production
process. From structural point of view, it has totally five sub-layers which includes
two outer plies as top and bottom layers in addition to a middle layer made of three
thin sub-layers itself. In order to get a better understanding about the fundamental
components of the explored paperboard, the whole carton board was firstly split into
the constituent plies. One specific grinding system suitable for thin paperboard
structures was applied to separate different layers; however it is almost impossible to
split completely the middle layers from each other since they are very thin and have
almost the same fiber component and interfacial properties. The paperboard
composite laminates employed for food and beverage packaging applications, consist
mainly of one aluminum and several thin PE layers as well. However, most of the
resulting delamination and high speed deformations during converting procedures
happen inside the carton sub-layers themselves. Therefore, the carton materials have
been deeply focused during test measurements. The density and thickness of each
layer are separately mentioned in Table 5.1.
A set of quasi-static tensile tests were implemented and the most significant
material properties required for material modeling and converting process simulation
were precisely measured. Dealing with experimental tests for paperboard material is
relatively challenging task due to its specific thin geometry, very light and soft
structural response. First of all, quasi-static tensile test was applied to measure
material elastic-plastic properties for each single layer in both MD and CD.
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Table. 5.1: Density and thickness of studied paperboard and its sub-layers
Density [kg/m3] Thickness [mm]
Whole paperboard 568.5 0.386
Top ply 606.1 0.099
Middle plies 556.6 0.070
Bottom ply 560.0 0.075
The test procedure and sample preparation were followed according to ASTM D 828
[50] and ISO 1924-2.2008 [5] standards for paper and paperboard experimental tests.
The test specimens were chosen from different areas of one large paper sheet to prevent
the effects of material inhomogeneity on the final resulting mechanical properties.
Based on the conventional standards for paperboard quasi-static tensile experiments,
the specimen length is 254 mm to ensure sufficient clamping length of 180 ± 5 mm
between the test grips. Furthermore, the sample width is conventionally chosen by
25.4 ± 0.5 mm; while many ISO standards propose more narrow pieces with 15 mm
as well. Therefore, different ranges of specimen widths from 10 mm to 40 mm were
tested during quasi-static tests. During static tensile tests, the sample width effect
on the final results was not a dominating parameter and almost identical results were
obtained; therefore the results of 30 mm are finally applied for static analysis.
Uniaxial tensile tests were conducted for each single layer with a Zwick Z5 machine
(ZwickRoell GmbH & Co. KG, Germany). The test specimens were carefully mounted
between test grips with essential further clamping cures to prevent the local rupture
influences. The test speed and duration for the quasi-static experiments were 20
mm/min and 1 min, respectively. For a statically educated and precise statement,
a sufficient number of tests were repeated for both MD and CD until a uniform and
converged force-displacement response was obtained. A load sensor of Zwick SN 760962
with the maximum capacity of 1 KN was employed to accurately measure the forces
and the resulting strains of the specimen were measured directly from the test probe
by using a Digital Image Correlation (DIC) system as depicted by Figure 5.1.
The resulting elastic-plastic response extremely illustrates anisotropic material
characteristics in respect to the material main orientation is clearly shown in Figure
5.2. In this case, it was revealed that each layer significantly exhibits a stiffer
behaviour in MD around two and a half times higher than the CD in terms of
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Figure. 5.1: Quasi-static test set-up and DIC measuring system, [5]
paperboard elasticity, initial yield stress and maximum fracture stresses as well. The
resulting elongation at the fracture point was then considerably higher in cross
direction (CD). Based on the static test data, both top and bottom layers
approximately represent the similar material characteristics which is considerably
stiffer than the middle layer itself due to the fact that they include stiffer fibers.
Unlike to the other conventional composite structures, paperboard composites
studied in this work extremely represented softer material properties with the
maximum fractures stresses of around 70 MPa, while the corresponding strains at
fracture situation will not exceed 5% at all.
Figure. 5.2: Quasi-static tensile test results; shear modulus evaluation in elastic region;
top layer (left) middle layer (mid) and bottom layer (right), [5]
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5.3 Shear and interfacial experiments
For the paperboard composites converting operations, the shear properties play a
crucial and undeniable role on creasing and folding operations. When these soft
laminates are creased, the relative interfacial displacements happen and the high
resulting shear stresses lead to high local deformation and delaminations as well. In
the folding process as the next step, the previously created delaminations will be
further propagated and the shape of inter-layers separation and opening will be also
observed. For this reason, paperboard out-of-plane shear response is one the most
effective material parameters to predict paperboard material behaviour through the
converting creasing and folding simulations [26].
In the reality, it is a complex and challenging task to measure the out-of-plane
properties of paperboard due to the fact that these materials are very thin in the
principle. The outer layers of paperboard have a thickness less than 100 µm and it is
too complicated to set suitable clamping and strain measuring appropriate for these
very thin and soft materials. It is not possible to apply the out-of-plane shear forces
directly on these thin structures and therefore it is required to employ adhesive for
gluing the paperboard specimens on the rigid clamps for further loading. This can
again cause unexpected flaws during measuring since it might penetrate inside the
paperboard. To prevent these problems high shear modulus adhesives with low
penetration effects have to be employed [51–54]. In addition to the geometrical
complexity, porous and inhomogeneous structure of paperboard can lead to a
non-uniform stress distribution across the thickness direction. Concerning the
above-mentioned experimental limitations and difficulties, further technical
considerations have to be accurately followed for clamping, gluing and measuring
through the out-of-plane shear test procedures.
During this work, several test procedures have been conducted to evaluate the
paperboard and its sub-layers out-of-plane shear properties. Since there is not still
any standard specific for these tests; therefore the experimental procedures were
followed and developed based on the previous relevant literature [26, 55, 56]. At the
first step, a rigid block shear test (RST) was performed to identify the whole shear
stress-strain curve for each single layer. Afterwards, double notch shear test (DNST)
which is used to determine the shear strength distribution across the thickness of the
whole paperboard.
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5.3.1 Rigid block shear test (RST)
Using the rigid block shear test, the overall shear stress-strain curve will be measured.
Due to the fact that paperboard plies contain inhomogeneous natural wood fibers
which are varied from 2 mm to 5 mm in length, therefore the final specimen size plays
a big role on the RST results. Furthermore, this test itself could be considered as
a combination of a pure structural shear and single fibers tensile loading states. In
this reason, when the test specimens are chosen too large, then local delaminations
would occur inside the long specimens due to the high generated elastic energy [26].
On the other hand, for very short specimens, a kind of a single fiber tension can
happen and because of the focolation and inhomogeneity variation of the paperboard
structures, the test would not be reproducible. During this test, the test specimens
with the length 15 mm and width of 20 mm were prepared for each single layer as
already represented in Table 5.1. The specimen length of 15 mm provided the best
results compared to other lengths, as it could ensure the test results reproducibility
and indicate the softening behavior for the middle layers [26]. A general overview
of RST preparation is depicted by Figure 5.3. The prepared specimens were covered
Figure. 5.3: General overview of RST test procedure; I. Paperboard test specimen , II.
Glued sandwich specimen , III. Rigid block and test prob alignment
by two pieces of photo mounting tissue based adhesives to create the final sandwich
probes [55]. The adhesive was required to fasten the paperboard to the rigid blocks
during the test operations. Nevertheless, further cautions had to be considered to use
the appropriate glues since they might penetrate inside the thin paperboard layers and
influence the final results. Hence, the final chosen adhesive had relatively higher share
modulus in comparison to the paperboard layers in which they could not be deformed
during the loading and less penetration was also observed in comparison to the liquid
based adhesives.
In the next step, each created laminated probe was precisely adjusted between two
steel blocks and five probes were further tested for each single layer as illustrated
84
5.3 Shear and interfacial experiments
in Figure 5.4. The metal blocks were finally sorted and fixed in a specific fixture
instrument, while a compressive load was conducted to enhance the adhesion and
ensure the alignments of the metal blocks in a proper way (depicted in Figure 5.4 II).
In order to obtain a good adhesion between rigid blocks and probes, the metal blocks
were then heated up to 95° for three hours to ensure the adhesives had been melted.
Based on the followed literature [55] if the applied adhesive would not be properly
melted, then the bonding between paperboard and blocks was not strong enough and
the test would be failed. Instead, if it was heated a lot then it will penetrate inside
the specimens and lead to stiffer material properties.
The heated fixture was then left in a conditioned room around 15 hours while the pre-
compression loads were still remained. Finally, after the reconditioning of specimen,
each block was separately mounted in a uni-axial tensile tests machine (Instron E
1000). Further considerations had to be followed to prevent misalignment. Tensile load
with the rate of 0.0025 mm/s was finally conducted until the specimen was completely
ruptured to get the necessary force-displacement curves. In order to increase the test
accuracy and obtain the relative shear deformation, a specific strain gauge was also
mounted on the metal blocks for measuring the relative displacements. During rigid
block shear test, it was very strongly followed to control the test procedures and choose
the best resulting ruptured samples for final material characterizations. Therefore, for
those tests in which the resulting shear stresses could uniformly distribute inside the
loading zone were selected as the accepted results (depicted in Figure 5.4 V). In some
defected cases, the shear stress propagation was not uniform through the paperboard
as illustrated in Figure 5.4 IV. The main reasons of those problems were concerned
to several experimental flaws mainly due to the blocks misalignment, weak adhesion
between blocks and paperboard and local penetration of the melted glue.
When the enough accepted test probes were obtained, the final stress-strain curve were






where F is the forces measured during RST test from the machine, A is the specimen
cross section area with A = W × L, u is the measured relative displacement from the
strain gauge and h is the original thickness of the paperboard plies. Using the RST
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Figure. 5.4: Rigid block shear test (RST) preparation; I. Rigid block, II. Steel
fixture and pre-compression loading, III. Test loading and measuring, IV.
Defected sample, V. Accepted test; [courtesy of KTH]
data, the out-of-plane shear characteristics concerned to the shear modulus and
maximum strength of each single layer were identified. The paperboard plies
extremely showed soft shear properties with relatively small shear modulus, but
nevertheless the variation of the out-of-plane shear modulus had an undeniable effect
on the final creasing and folding numerical simulations results. In contrast to the
in–plane tensile tests, the out-of-plane shear test properties were not strongly
depending on the paperboard principle material orientations. Based on the obtained
results, the different tests results between the MD and CD shear were indeed
inconsiderable and it was then difficult to differ them from each other which is
compatible with the relevant published literature [57]. Therefore, the test results
from machine direction (MD) loading were chosen as the final configuration and were
further implemented through the numerical simulations. The initial elastic part of
RST test results has been depicted in Figure 5.5 for each single layer. The whole
stress-strain curves for paperboard sub-layers are expressed in Figure 5.6 based on
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Figure. 5.5: RST experimental results; shear modulus evaluation in elastic region; top
layer (left) middle layer (mid) and bottom layer (right)
the resulting shear forces and displacements of RST experiments. It was identified
that the maximum shear strength of the top and bottom layers are relatively
identical and almost three times higher than the shear strength of the middle layer
itself. It was interesting that only the middle layer showed a softening behaviour
after the stresses reached to the peak point, while the outer layers extremely
represented a kind of brittle fracture when the maximum shear strengths were
achieved as shown in Figure 5.6. The main reason of this different mechanism is
firstly contributed to the different fiber types used to produce paperboard plies. The
middle layer consists mainly softer fibers and it has also higher thickness compared
to the outer layers which leads more flexibility against out–of-plane shear loads.
Figure. 5.6: Out-of-plane elasto-plastic stress-strain curves for all layers
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5.3.2 Double notched shear test (DNST)
A precise distinguishing between the different layers of a paperboard is not
comprehensively possible, since the material variations would not be often gradually
through the paperboard thickness. For a clarified illustration, example the top and
bottom layers have stiffer fibers while the middle layer includes several soft
sub-layers itself. Moreover, the interfaces between these soft and stiffer layers make
material characterization even more complex. Therefore, it is an essential task to
understand and evaluate the influence of material variations on the final material
model and converting process numerical simulation [21].
The double notch shear test (DNST) has been developed to evaluate the maximum
shear strength in the thickness direction of a whole paperboard. Generally speaking,
this test is based on the conventional notch shear tests operations which are widely
used for composite materials. Furthermore, similar to RST test procedures, there is
not a determined standard to apply this test specifically for paperboard materials.
Therefore, the test procedures conducted in this work were developed based on the
relevant published literatures and reports [26, 55, 56]. This test could help to achieve
the shear strength profile through the paperboard cross section and to determine the
best positions of the interfaces between the sub-layers as well. The final resulting
shear profile could be then efficiently applied to model a paperboard inhomogeneous
properties and assign the correct values for interfacial and cohesive interaction between
different plies during the numerical simulations [3].
The specimens were chosen from a big sheet of the reference paperboard as already
mentioned in Table 5.1, but the main difference is that the whole paperboard was
used instead of single layers. The test samples preparation and loading includes
several steps as schematically shown by Figure 5.7 [56].
Grinding: Paperboard sheets with A4 sizes were adjusted on a bed and a porous
grinding wheel with the width of 20 mm was applied to create first the notches on its
both sides (shown in Figure 5.7 ). The grinding operation was proceeded in several
continuous steps with a loading rate of approximately 0.015 mm/cycle and after each
cycle the wheel removed further material through the paperboard thickness. Applying
the multi-step grinding, the test sample preparation could be efficiently controlled
which finally resulted a uniform groove along the all paperboard length and could
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Figure. 5.7: Double notch shear test (DNST) preparation procedures
also reduce the flaw effects of the unexpected compressive stresses on the thickness
direction. A general grinding procedure is depicted by Figure 5.8. Instead of the
Figure. 5.8: Grinding wheel (I) used for DNST experiments and sample preparation
(II); [courtesy of KTH]
conventionally based straight notches, the tilted notches declined slopes were employed
during this test as depicted by Figure 5.9. For this case, two tilted grooves were
generated at each side of the paperboard sheet and their depth was gradually inclined
along the sheet length. The main advantage of using tilted notches was to obtain the
shear profile from only one A4 sheet, while for the straight notches, a single sheet had
to be separately used to get the shear strength at one specific depth. The distance
between the grooves was 5 mm which would be considered as the shear zone length
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during the next loading steps. In order to improve the test process accuracy and
prevent experimental and sample preparation flaws, another grinding method based
on a sharp cutting wheel was also followed. Due to the fact that the grinding wheel is
rough in the principle and might not lead to a very smooth and uniform groove at the
end, therefore cutting wheel represented better test result. Furthermore, the advantage
of using such cutting technique is its precision and the fact that it removes less material
which can lead to more accurate results compared to the specimen prepared with a
grinding wheel.
Figure. 5.9: Tilted double notch shear test specimen, [56]
Laminating: Two plastic laminates were implemented on the top and bottom sides
of the tilted paperboard. The laminating helped for preventing the tensile failure and
further misalignment which can occur mainly during shear strength measurement test
procedures. The paperboard had to be correctly positioned to get the same sandwich
structure as in Figure 5.7 (c). The final sandwich structure was leaded with a relative
slow velocity inside a laminator which had been already heated up to 140°. At this
temperature, the plastic foils could be well melted and efficiently attached to both
sides of the grinded paperboard in order to achieve a well supported test specimen.
Cutting: The laminated paperboard was cut into stripes of width w of 15 mm.
The final laminated paperboard and created specimens used for the test will take
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Figure. 5.10: DNST procedures (grinding wheel); I. Laminated grooved paperboard,
II. Final specimens used in the tensile tests
the following shape in Figures 5.10 and 5.11. It can be seen how the color changes
depending on the notch depth, where the dark color represents the notches in the
bottom layer, and the bright white color represents the notches in the top layer. Before
cutting the paperboard into tensile specimens, an inclined line was drawn on the
laminated paperboard to make the identification of the corresponding notch depths
easier (as shown in Figure 5.11).
Figure. 5.11: DNST test procedures (cutting wheel); I. Laminated grooved
paperboard, II. Final specimens used in the tensile tests
Testing: The prepared specimens were tested in a standard tensile machine illustrated
by Figure 5.12 with a loading speed of 0.0015 mm/s. The resulting force F was
measured until the rupture was observed inside the specimen. For each thickness
position five specimens were tested and the maximum force Fmax at the failure pint
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represented the maximum shear strength of paperboard at the corresponded thickness
position. The maximum shear strength could be calculated by dividing the evaluated





As mentioned earlier, the main purpose behind implementing DNST tests was to
Figure. 5.12: Standard tensile test machine and fixation of samples in the machine
investigate the shear strength profile across the thickness direction of whole
paperboard. The DNST tests were conducted in MD and CD at 14 different places
across the thickness, and the maximum shear stress values were identified for each
specimen. The results are then plotted as boxplots by using Matlab. Figure 5.13
depicts the maximum shear strength profile in respect to the paperboard thickness in
MD and CD, while the shear strength gradient in the ZD has been evaluated. The
blue boxes show the 75% confidence range for normal distribution, the median values
are represented by the red lines, and the dashed bars represent the 95% confidence
interval. The black dashed line represents the fitting for the median values across the
thickness.
Due to the fact that it was almost impossible to create precise notches at the vicinity
of the top and bottom sides of the paperboard; therefore the obtained shear profile is
mostly corresponded to the middle plies and proportionally some small parts of the
outer layers. The higher shear stresses were observed on the left and right sides of
the shear profile which are corresponded to the top and bottom plies, respectively
and the minimum values were obtained in the middle plies as is clearly illustrated by
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Figure 5.13. In contrast to the axial tensile test results, the shear profile in MD was
Figure. 5.13: Shear strength profile for paperboard composite
only slightly around 10% stiffer than CD. This polynomial can be used later for
material mapping modeling during numerical simulations to represent the
inhomogeneous material properties through the thickness direction. However, in
most of the cases, the shear strength in MD can be assumed to be similar to the
shear strength in CD. In the next step, all tested samples were collected and ordered
in respect to their original thickness position as is shown in Figure 5.14. It can be
clearly identified how the specimen failed during the DNST test, since the surface
color of the failed samples were acceptably different at different depths. The
specimens from 1 to 2 and 13 to 14 with relatively white and brown surfaces
represent those located on top and bottom layers, respectively and the rest are
contributed to the middle plies in which the color is regularly changed from white to
brown.
Furthermore,by comparing the failed results, the best positions of the inter-layer
interfaces with corresponding shear strengths could be efficiently identified which are
applied for cohesive modeling during numerical simulations. The results of ZD shear
strength profile depicted by Figure 5.13 will be employed to characterize material
through thickness inhomogeneity [3]. The properties of the outer layers (top and
bottom) would be described by linear functions by implementing the same fitting
procedure for the shear strength profiles as shown in Figure 5.15. By applying the
mapping model into the numerical simulations, the paperboard sub-layers are not
distinguished separately and rather the material elasto-plastic properties would be
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Figure. 5.14: DNST test specimen after failure and corresponded interface
gradually attributed in the paperboard thickness direction based on the shear stress
profile. However, the conventional materiel model had assigned constant material
properties for each single layer instead. This new fitting results help in mapping the
material properties across the thickness as one smooth curve without the need to
have different properties at the interfaces between the top/middle and
middle/bottom layers. To implement the suggested continuous distribution of
out-of-plane shear strength, a Matlab script was written to give the linear
interpolation of material properties in the outer layers, while in the middle layer, the
distribution will take a polynomial distribution. Afterwards, all material
characteristics would be updated based on the mapped model. As an example,
Figure 5.15 (right) shows the distribution for the stiffness modulus in MD as one
material property based on the suggested mapping curve. Furthermore, the best
identified places of the interfaces have been depicted by dashed red lines in Figure
5.15 and the corresponded shear stresses would be assigned for cohesive and
interfacial model during packaging and delamination numerical simulations.
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Figure. 5.15: through thickness shear profile and inter-layer interfaces for the studied
paperboard
5.3.3 Z-directional tensile test (ZDT)
The Z-directional uni-axial tests are challenging for paperboard sub-layers since they
are very thin and represent soft behaviour which make them more complex for
experimental measurements and further material characterizations. Unlike to other
conventional engineering composites, a paperboard laminate response under
out-of-plane uni-axial loads is significantly a combination of pure elasto-plastic
continuum and cohesive behaviours. However, due to their structural porosity and
weak internal fiber bondings, when the through thickness tensile loads are
implemented on a paperboard, the natural bonding between the fibers will be
debondend and structural delamination will happen. During the through thickness
compression instead, the new bonding between the fibers will be generated which
leads to stiffer material properties after each unloading and loading cycle. Therefore,
during an out-of-plane loading condition the interfacial interaction will be a
dominating parameter in comparison to the material continuum response. In this
purpose, the Z-directional tensile test (ZDT) results discussed in this section will be
further employed to calibrate the interfacial and paperboard inter-layer delamination
analytical models as had been previously discussed in Section 4.4.3.
For the Z-directional tensile test, circular specimens with diameter of 30 mm were
prepared from the reference paperboard based on Table 5.1. Due to the soft and
thin structure of the paperboard specimens, they were first glued to metallic clamping
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devices which had been specifically developed for ZDT test operation. In order to
achieve accurate experimental data it was necessary to choose an appropriate glue
which did not penetrate inside the test samples; and leads to a suitable binding between
the samples and blocks in order to prevent local separations during test measuring
procedure. A double side tape improved specifically for paperboard test applications
was applied for clamping and the the test loading was further implemented using
uni-axial tensile test machine.
Displacement based load with the loading rate of 0.010 mm/s was performed in the
ZD and the resulting forces and specimen through thickness elongation were
precisely measured. The test loading was continuously performed until the test
specimens were completely fractured and inter-layer debonding could be observed.
The resulting force-displacement curves for ZDT test have been depicted in Figure
5.16. Based on the Z-directional tensile test experiments, the paperboard showed an
elastic response initially while the forces reached to a maximum value and after that
a kind of softening bahaviour was clearly represented which was strongly contributed
to paperboard material debonding and interfacial delamination during further
out-of-plane tensile loads. For each test specimen, the loading was further proceeded
after softening response till the end when fracture was achieved in the reaction force
as illustrated in Figure 5.16 for higher elongations of around 2 mm. The slope of the
elastic part and the maximum peak forces of the force-displacement curves were
conducted to calibrate the elastic stiffness and traction-separation stress,
respectively. Moreover, the softening part of the force-displacement curve and
specifically the maximum occurred displacement of a complete failure point was also
applied for delamination and degradation formulation. During the numerical
simulations for paperboard converting process, these values are performed to set the
cohesive and interfacial delamination models as previously mentioned by Equations
(4.118) and (4.119).
5.4 Paperboard dynamic material characterizations
Paperboard packaging process includes very fast converting operations in the reality
in which dynamic loading situations and rate-dependent deformation inside the
material will happen. To describe the complex paperboard composites behaviour
during a high speed dynamic process, conventional static models are not sufficient to
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Figure. 5.16: Z-directional tensile test (ZDT) experimental data for paperboard
predict and characterize the material response efficiently. However, a dynamic
material modeling in addition to high speed converting process simulations are
strong and precious capabilities to formulate material response in creasing and
folding operations in respect to high deformation rates and speeds. Therefore, it is
again required to identify the material rate sensitive properties at higher elongation
rates equivalent to the conditions of the real packaging applications. Dealing with
the dynamic test of paperboard material is a completely complex and challenging
task due to the fact that paperboard material has a very thin structure and strongly
represents a soft elasto-plastic behaviour. In this section, the most significant
challenges beside the improved technical solutions for paperboard dynamic tests will
be explained and the obtained experimental results will be further analysed to
formulate dynamic material model based on the continuum models expressed in
Section 4.2.6.2. Finally, the material calibration variations would be precisely
extracted for each single layer to be conducted through dynamic process simulations
as will be discussed in the Section 6.4.
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5.4.1 Dynamic test set-up and measurement
In contrast to the common test standards of quasi-static tensile tests, there is still no
specific standard for paperboard rate sensitive material test procedures. However,
some previous investigations have roughly mentioned that the paperboard tensile
strength is increased in respect to the loading speeds. The rate-dependent properties
of many conventional engineering materials have been widely investigated, but only
little information about wood structure and paperboard based products are available
[58]. The most crucial difficulties of the paperboard dynamic experiments of this
work were mainly contributed to:
• Choosing the best shape for the test specimens specially for the length, since
there was not a common standard for this test procedure,
• Set-up test facilities suitable for the soft and thin paperboard probes in which
exactly the desired strain rates can be achieved without experimental errors,
• The specimen clamping, since paperboard specimens are very thin and almost
with a non-uniform surface smoothness. This might strongly lead to unexpected
slipping effects and further resulting local fracture at the clamping area which
falsify the final test results,
• Applying appropriate data acquisition equipments which should be accurate
and fast enough to detect the small fracture forces of paperboard composites
correctly, specifically during higher test speeds.
For this reason, new experimental methods and technical equipments were specially
developed to identify rate sensitive material dynamic characteristics of paperboard
composites.
In contrast to quasi-static experiments, more considerations should be followed closely
in order to determine a suitable gage length in which the material response can be
efficiently represented based on real practical applications. Choosing a relatively long
gage length leads to identify the realistic behaviour of the material. Furthermore, for
paperboard dynamic test procedures the long specimens bring several advantages.A
better clamping inside the griping zone is obtained and the relative slipping between
the probes and clamping devices is prevented. Several unexpected problems concerning
to the higher inertial effects and local failure around the clamping devices also occurred
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for the long test samples [58]. Consequently, it is needed to apply proportionately





where ε̇ represents the resulting strain rate in the test sample, v expresses the loading
velocity (test speed) and L is the specimen gage length.
Besides the experimental considerations, the physical concept behind a high speed
tensile loading especially the stress propagation effects should be further investigated
for paperboard dynamic characterizations. During the tensile experiments, one side of
the test sample was completely fixed while the test load was implemented to the other
free side to create the stress and strain inside the material. In the principle, the applied
forces primary generate local stresses around the loading zone and it will be further
propagated along the sample length direction with almost the sonic velocity inside the
material. Since, the resulting stresses can be completely propagated through the whole
material, the final force-displacement profile of the dynamic test can be subsequently
achieved. From the physical point of view, some portion of the transmitted stresses is
reflected back which brings to local increasing of stress and strain inside the material.
The sonic velocity C inside a material includes contributions of the elastic modulus E






Based on Equation (5.4) when the loading speed is lower than the material sonic
velocity, the stress distribution is significantly uniform inside the material as is
configured for the quasi-static test process. For the dynamic experiments with very
high loading rates instead, if the sample length is chosen very long, then the
generated stresses cannot comprehensively transfer inside the material, while a kind
of the local fractures are finally achieved. Therefore, the condition of stress reflection
frequency f is contributed to the material sonic velocity and the length of the test
specimens by
f = C2L (5.5)
In this reason, for a proportionally long specimen the resulting stresses and
elongations cannot be completely propagated inside the material. Therefore,
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choosing the most appropriate value of the specimen length strongly depends on both
experimental considerations and physical behaviour of the paperboard materials [58].
In order to find an appropriate dynamic test set-up, it was crucial to determine the
real strain rates occurred in the paperboard composites through the practical
production process by using simulation or high speed optical devices. Then, the test
process can be adapted based on this strain rates. The material behaviour can be
precisely modeled based on the real production procedures. To find the first
Figure. 5.17: Reference simulation to identify the most critical deformation zone with
highest resulting elongation rates
configuration for the implemented loading speeds, several numerical investigations as
the reference simulations were firstly conducted. A real dynamic creasing procedure
was simulated based on real creasing tools and the material model was formulated
based on the available quasi-static material test data. The process speed, boundary
conditions and kinematics were specifically modeled based on the real dynamic
creasing operations. The most critical zones with higher resulting deformation rates
for both tensile and compression were detected through the simulations as shown in
Figure 5.17. The reference simulations indicated the preliminary strain rates with a
magnitude of around 150 s−1 as depicted in Figure 5.18. The reference simulations
showed that the maximum elongation rates are resulted on the upper and lower sides
in the deformation zone; specifically on the regions placed between the male and
female tools which are extremely subjected to the nonlinear deformations. The
corresponded strain rates with the acceptable ranges of 0.06 s−1 ≤ ε̇ ≤ 80 s−1 were
issued as the preliminary test speeds during dynamic test operations.
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Figure. 5.18: The resulting strain rates at the critical points as the first configuration
for dynamic test speeds
For the dynamic test investigated in this work, the reference paperboard with a
grammage of 240 g/m2 was split first into the main sub-layers. In order to find the
best configuration for dynamic test procedures, several sample dimensions were
thoroughly examined and after many trial test implementations, the gage length of
50 mm was finally fitted as the best one to reach dynamic test demands in an
efficient way. The samples were chosen shorter in order to avoid the local fracture
problems in addition to let the resulting stress wave propagation through the whole
specimen length as discussed previously. First of all, the quasi-static test specimens
were tested at different elongation speeds, but the results were not precise enough
since the most initial break happened around the clamping area. Furthermore, the
width of the samples had an essential effect on the test accuracy; whereas the wider
the samples are chosen a kind of plane strain condition can be achieved. During
dynamic test procedures samples with widths between 15 mm and 50 mm were
investigated and finally, those with 15 mm represented the best obtained test results.
For the final experiments, the test probes with 200×15 mm2 were precisely cut using
a laser based cutting devices from the same paper sheets employed for quasi-static
experiments. The extra length more than the gage length of 50 mm essentially
helped to avoid the local fracture at clamping zone in addition to prevent the
slipping between sample and gripping jaws.
One of the most crucial tasks was to find an appropriate clamping method for the
thin paperboard samples. A good clamping device must prevent paperboard slipping
effects during load implementation first and not cause local fracture around the
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clamping area. At the first trial, measurements using a pair of steel jaws with 12 cm
width were performed and the test samples of 50 mm width were fixed using a
central screw, while the inner sides of the clamps were already covered by thin
rubber layers in order to avoid the unexpected slipping effects. The upper side of the
supported clamps was mounted to the test machine and the displacement controlled
load was implemented on the lower side. The absolute machine position for the
movable clamp was 10 mm at the clamping distance for the gage length 50 mm.
From this position, it was obtained from preliminary experiments that the test speed
was almost constant until sample failure. A schematic overview of the preliminary
dynamic test set-up is depicted in Figure 5.19.
Figure. 5.19: Preliminary test set-up for paperboard dynamic test clamping methods;
1027g heavy and 120 mm wide with central pressed jaws; [courtesy of
DITF]
In the first attempt, numerous tests were carried out and it was concerned that the
symmetrical clamp with two 12 cm jaws with over 1kg weight per clamp would be too
heavy for paperboard dynamic test characterizations. Since the test probes were very
light and the fracture forces of paperboard is very low, hence the results indicated that
the force signal is distorted by the inertia of the heavy clamps on the high test speeds.
The obtained force-elongation diagrams at the slow speeds showed that a very rapid
increase in force took place initially and then flattening happened until the final failure
which was compatible to the quasi-static test data. On the other hand, in the case of
the rapid tearing tests higher than 1000 mm/s, a kind of oscillations were revealed in
the force-elongation results as is clarified in Figure 5.20.
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Figure. 5.20: The preliminary dynamic test results for paperboard laminates and
system ringing at higher test velocities
The oscillation effects for the higher elongation rates are concerned system ringing and
have been widely mentioned within other relevant high speed tensile test reports as
well [32, 58, 62]. For such thin and soft paperboard layers, the oscillation phenomenon
is more noticeable. These system ringing effects mainly result from the vibrations of
the mechanical parts of the test machine and clamping devices. It could be further
crucial when the frequency of the employed loads and the stress propagation inside
the material are at the same range.
In order to reduce the negative effects of system ringing, several technical
improvements were undertaken during this work. As the first step, the preliminary
heavy clamps were replaced with much lighter jaws that could decrease the system
inertial effects at higher elongation rates. Specific light weight clamping jaws were
further designed; and the test specimens could effectively warped around the
aluminium rolls to avoid the relative slipping around clamping zone. Preventing the
system ringing influences for a dynamic tensile test is almost impossible, but it can
be further reduced by adding the damping facilities to the test machine in addition
to improve the measuring systems or using Digital Image Correlation (DIC) system
to evaluate the resulting deformation of the specimens with higher accuracy.
Concerning to the preliminary clamping method depicted in Figure 5.19, it was not
possible to apply a homogeneous surface pressure over the clamping jaws via the
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fastening screws. Therefore, local failures around clamping area occurred. Due to the
stress concentration over the edge areas, the central region of the samples was almost
undefined or not clamped enough. Furthermore, the torque required for clamping
could be dangerous for the very transverse force sensitive load sensor. For this reason,
new concepts for even lighter and safe functional operations were developed and the
most promising variants were implemented. The upper clamping devices were movable
to perform the test loads and the lower clamping were also followed with rubber coated
fixtures to prevent the relative sliding between the samples and clamps during high
speed tensile loads [63, 64]. For 15 mm wide samples, a much lighter clamp with only
36 g aluminum tube as shown in Figure 5.21 was developed, where the clamping force
across the entire width of the sample was almost uniform. Instead of the concept of
clamping between two parallel plates, the paper was inserted first through the slotted
cylinder and rolled up about 1.5 turns under slight pre-tension loads. In order to
reduce the local fracture effects, the outer surface of the aluminum tube was polished
and all edges were rounded.
Figure. 5.21: Improved test set-up using light aluminum tube clamping devices;
[courtesy of DITF]
The improved clamps can be used with 6-10 mm diameter tubes that are securely fixed
against rotation. For the measurement, a wedge was pressed between the frame and
the wound tube, which protected the paperboard samples against failure during pre-
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tension loading. Immediately before clamping, each specimen was carefully marked
with an ink stroke. Hence, that it was easy to judge after the measurement whether
the sample was completely pulled out or a terminal crack occurred due to unexpected
clamp slipping effects. Finally, when the sample was fixed between two clamps, the
movable clamp at the beginning of the test, was moved up to a distance of 28.5 mm
with 1 mm/s to reach the adequate needed distance for dynamic loading acceleration.
When the test was started, the clamp was accelerated and achieved the specified test
speed well in front of the clamp distance of 50 mm as the clamping length. The test
speed was measured from the evaluated clamp movement and was further documented
for each test. A general overview of the final test set-up for paperboard dynamic
experiments is illustrated by Figure 5.22. The rate-dependent material properties
Figure. 5.22: Final test set-up for paperboard dynamic experiments
of paperboard sub-layers were measured using high speed uni-axial test machine at
different strain rates. The tests were performed on a high speed ElectroForce 3520
Series test machine (TA Instruments) for strain rates of 0.06 ≤ ε̇ ≤ 80s−1 which
were related to the implemented displacement speeds of 3 ≤ v ≤ 4000 mm
s
. The
lowest rate mostly corresponded to the quasi-static test procedures and the rate of 80
s−1 at the loading velocity of 4000 mm/s was high enough to represent the resulting
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high speed deformation mechanism of paperboard composites during the conditions
of the real packaging operations. For each paperboard sub-layer, ten specimens were
examined in the machine (MD) and cross (CD) directions at several test speeds from
3 to 4000 mm/s. Piezoelectric load sensor Kistler 9311B and Bose Displacement
Transducer +/-25mm (integrated in ElectroForce 3520 System) were employed for
force and elongation measurements, respectively. The force detection system of the
tensile machine was not itself appropriate enough at loading speeds higher than 1000
mm/s at 1 KHz. Therefore, a high speed measuring system with 10 MSample/s was
used for force measurement at higher velocities which had extremely high accuracy
and resolution even with small forces measurement of the range of 200 N was possible.
Using a high speed camera the current elongation of the sample was figured out and
compared simultaneously with the resulting forces from the initial pre-loading till the
end failure point as is depicted by Figure 5.23.
Figure. 5.23: Correlating the resulting tensile forces vs elongations with high-speed
camera at 84,000 fps
5.4.2 Dynamic material calibration and parameter identification
The high speed test results are further applied to formulate paperboard
rate-dependent material properties. During the dynamic test procedures, the most
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fundamental characteristics in terms of the applied force and resulting elongation of
the test specimens were measured. Regarding to the force-elongation raw data
achieved from the high speed test procedure shown by Figure 5.24, two essential
issues should be carefully taken into account. Firstly, a kind of non-linear response
was detected at the very small elongation values which is a result of the unexpected
inertial and dynamic interaction between the test instrument and very soft samples
during the pre-loading time. It will be even more crucial at higher test speeds as is
clear from Figure 5.24. Therefore, the initial part of the force-displacement curves for
the high elongation rates cannot be accurately represent the material elastic
modulus.
Figure. 5.24: The preliminary obtained experimental test results exhibited load ringing
oscillation and initial non-linear effects
Secondly, because of the system ringing effects of the test instruments as discussed in
the previous section, the dynamic tensile forces exhibited large oscillations for the
strain rate higher than 20s−1. These unexpected oscillations were not related to the
material mechanism itself, and instead were affected by the test instruments,
measurement system and load ringing phenomenon. Therefore, the pure measured
stress-strain curves were preliminary processed mathematically using median value
filtering methods available in MATLAB. Since, the pure experimental
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force-displacement data for each layer are precisely pre-processed, the obtained
smoothed stress-strain curves will be finally employed for material parameter
identification as shown in Figure 5.25 for smoothed stress-strain curves.
Figure. 5.25: Comparison between the pure and smoothed experimental data; top,
middle and bottom layer
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When the experimental data were precisely filtered, the material parameter
characterizations have been conducted on the smoothed results for each single layer
of the reference paperboard composite. During the test experiments and further
analytical investigations it was revealed that the initial yield stress of the paperboard
is almost independent to the applied strain rates and the plastic part will be
influenced by test speeds. Thus, the elastic regime and the shape of the hardening
flow is almost identical for all strain rates. In this case, the resulting plastic strains
were firstly evaluated at various strain rates and the corresponded hardening stresses
were further correlated based on the hardening law of type 1 as was previously
discussed in Figure 4.4.















where σy is the initial yield stress and the reference hardening law R (εp) will be further





are also implemented based on the Johnson-Cook and Cowper-Symonds
models based on the Equations (4.58) and (4.59), respectively. The fitting process was
issued for paperboard sub-layers in MATHEMATICA, and the nonlinear curve-fitting
procedures were performed in least-squares regression. Subsequently, the essential
material parameters including both yield hardening and rate sensitive characterizations
were accurately identified. The obtained material parameters are represented in the
following Tables (5.2) and (5.3). When the paperboard material rate-dependent
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σy Q n C ˙̄ε0
Top ply 20.12 62.16 79.29 0.05442 0.001
Middle plies 10.54 29.69 76.77 0.0966 0.001
Bottom ply 22.87 29.77 87.66 0.1943 0.001
material properties were evaluated, the stress-strain hardening improved based on
the analytical models. The correlated material models are then more suitable to
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σy Q n p C
Top ply 20.12 62.16 79.29 0.566 52.46
Middle plies 10.54 29.69 76.77 1.953 80.05
Bottom ply 22.87 29.77 87.66 1.597 30.35
predict material response and high speed deformation rates. In the next chapter,
the implementation of these rate-dependent material models through the dynamic
converting process simulations will be discussed in details. The comparison between
the experimental results and obtained dynamic model has been depicted in Figures
5.26-5.28.
Figure. 5.26: Comparison between the experimental results and obtained dynamic
model; Top layer
The experimental results and further analytical models strongly depicted the rate
sensitive material properties of paperboard sub-layers. Similar to the other
conventional engineering materials, these composites represent stiffer material
response at higher elongation rates as clarified trough the material parameter
identifications. In comparison to the quasi-static material characteristics, all layers
represent higher stresses around 25 to 45% and smaller resulting strains in respect to
the higher elongation rates.
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Figure. 5.27: Comparison between the experimental results and obtained dynamic
model; Middle layer
Figure. 5.28: Comparison between the experimental results and obtained dynamic
model; Bottom layer
5.5 Conclusions
In this chapter, the main experimental developments about paperboard material
characterizations were deeply expressed. In order to simulate the paperboard
converting process within the numerical simulations, it was firstly essential to
identify the material characteristics. The fundamental material phenomena including
paperboard anisotropy, tensile and shear characteristics and above all its rate
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sensitive dynamic properties were comprehensively expressed. Concerning to the
unique structure of the paperboard single layers with a very thin and soft behaviour,
it was a challenging task to perform and set up the experimental test facilities
providing the measurement of the material properties correctly and efficiently.
The quasi-static tensile tests were firstly employed to obtain the anisotropic
elasto-plastic characteristics of each layer in MD and CD. Since, the real packaging
converting process lead to high deformation rates; therefore the quasi-static test data
were not sufficient to describe the material performance in the real uses. For this
reason, an enhanced dynamic test set-up was performed and the rate dependent
material properties were accurately achieved. Furthermore, the strain rate sensitive
analytical models were developed based on the paperboard high speed tests and the
fundamental material parameters were precisely identified. Finally, an enhanced
practical method was especially developed to identify paperboard out-of-plane shear
properties by using rigid block shear test (RST) and double notched shear test
(DNST). The obtained material parameters will be further employed for numerical
simulations as will be discussed in the next chapter.
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6.1 Introduction
The main objective of this chapter is to present the numerical simulation of
paperboard composites converting operations. A precise FE analysis must effectively
represent the material response and packaging process characteristics based on the
real applications. Furthermore, it is extremely essential that the most effective
parameters including material modeling, boundary conditions, creasing and folding
tools geometry and process kinematics are accurately identified and implemented
through the simulations. In the first step, the experimental test rigs of creasing and
folding operations were performed, while the reference material has been chosen as
the test specimens and the process tools and converting sequences will be
comprehensively employed according to the use case applications. Consequently, the
representative FE simulations should be exactly created for each applications
separately. For both configurations the most effective parameters have been
accurately evaluated and will be considered as the reference validation for model and
process accuracy and efficiency.
The material constitutive model will be developed based on the experimental data
expressed in Chapter 5, while the phenomenological elasto-plastic behaviour includes
specifically paperboard composites anisotropic and rate sensitive characteristics. The
delamination and interfacial interaction between the sub-layers are described in
terms of the traction-separation law, which can be applied in terms of the cohesive
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surface or cohesive material within the numerical solutions. Considering a real
industrial production line, a punching creasing models will be firstly set-up and
afterwards the high speed creasing process using dynamic rotating tools has been
comprehensively considered. A model of the folding operation as one of the most
important and applicable use cases, is created and conducted through FE
simulations in the next step.
The commercial Abaqus software is applied for process modeling and problem
solving and the most desired process parameters such as creasing forces, resulting
delaminations and folding factors will be further studied and evaluated during the
FE simulations. The obtained numerical results will be compared with the relevant
empirical validation test results in the Chapter 7.
6.2 Material and interfacial numerical modeling
During this work, the punching and high rotating dynamic in addition to the folding
operations of paperboard converting process were numerically simulated. The
numerical models employed for paperboard composites include both continuum and
cohesive formulations. The constitutive model describes the elasto-plastic response of
paperboard composite plies and it has been characterized based on the performed
experimental test data. The static model itself indicates the material response within
the slow converting procedures where the resulting elongation rates are relatively
low. Hence, the quasi-static material characteristics expressed in Section 5.2 will be
conducted to set the material formulation through the static converting procedures
e.g. punching creasing; while the high speed operations such as dynamic rotating
creasing and folding process will be precisely modeled according to the rate sensitive
material bahaviour identified in Section 5.4. Furthermore, the rigid block shear test
(RST) data will be applied to define the shear elastic-plastic properties of each single
layer.
For both quasi-static and dynamic FE simulations, the paperboard plies are specifically
represented in respect to the anisotropic material formulations. Therefore, the elastic
behaviour will be determined by three Young’s moduli Eii and three shear moduli Gij
which contribute to the different material orientations in machine (MD), cross (CD)
and through thickness directions (ZD). It has to be noted that it is a complex task
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to measure accurately the in-plane shear modulus of paperboard single plies because
of their very thin structures. Furthermore, during the real use cases this parameter
plays the minor effects on the material response and converting mechanism; since
the pure deformation along the in-plane direction is almost negligible. Nevertheless,













Furthermore, for paperboard single plies the out-of-plane Poisson’s ratios are assumed
as zero values by νxz = νzx = νyz = νzy = 0 which is compatible with the corresponding
experiments, since the ZD deformation within in-plane loading is again insignificant
[2]. The material plastic response will be determined by the initial yield stresses σ0ij and
strain hardening characteristics obtained from in-plane tensile tests, while the dynamic
model has been further developed by rate dependent material properties mentioned
already in Tables 5.2 and 5.3.
The interface and delamination between the layers is specifically modeled based on
the anisotropic traction-separation law described previously by Equations (4.118)
and (4.119) and Figure 4.11. The cohesive model is a combination of a linear elastic
part and non-linear damage propagation phenomenon beyond. To formulate the
overall delamination model, the cohesive stiffness Ki, maximum interfacial strengths
tmi and further degradation beyond maximum strength are needed to be correctly
identified and implemented through the FE simulations. For this reason, the
interfacial behaviour in mode I indicating the normal opening between the layers was
calibrated based on the through thickness tensile test data as expressed in Section
5.3.3 for ZDT experiments. Simultaneously, the traction-separation behaviour in the
model II and mode III (along the MD and CD, respectively) strongly depends on the
relative displacements occurred between the layers interfaces. Therefore, the
experimental results of DNST mentioned in Section 5.3.2 were employed to evaluate
and formulate the cohesive parameters for these two interfacial modes.
During the paperboard manufacturing process, the wet plies are bonded together under
applied compressive loads, while the short fibers may be even aligned through the paper
thickness as well. The through thickness microscopic pictures of paperboard structures
showed that there are not pre-fabricated interface surfaces between the plies similar to
the conventional industrial composites. Therefore, the number and the best positions
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of the interfaces have been evaluated based on the real use cases for creasing and
folding operations, since delamination between the layers occurred. For the specific
paperboard studied in this work, three interfaces were evaluated and their positions
were illustrated by red dashed lines in Figure 5.15. Since the positions of the interfaces
are correctly distinguished, their equivalent shear strengths will be evaluated [3] from
the obtained trough thickness shear profile depicted by Figure 5.15. The maximum
interfacial strengths of tms and tmt related to the MD and CD, respectively.
When the resulting inter-layer stresses reach to the maximum strengths, the cohesive
strength softening happened and the occurred cracks on the interfaces will be further
propagated. The damage propagation of traction-separation model was represented
based on an exponential softening response. Regarding the Equation (4.119), the
softening model was calibrated based on the maximum resulting relative displacements
δf . at the fracture and a non-dimensional parameter α. The whole material and
cohesive parameters employed during paperboard FE simulations are expressed in
Table 6.1 and 6.2.
Table. 6.1: Material continuum parameters for studied paperboard used in the
numerical FE simulations; x represents MD, y represents CD and z
represents ZD
Material Parameter Top Ply Middle Ply Bottom Ply
Exx [Mpa] 4800 2826 5522
Eyy [Mpa] 1466 1000 1518
Ezz [Mpa] 158 65 112
Gxy [Mpa] 1228 680 1466
Gxz [Mpa] 34.19 30 75.08
Gyz [Mpa] 34.19 30 75.08
vxy [-] 0.29 0.26 0.28
σ0xx [Mpa] 21.96 12.99 14.63
σ0yy [Mpa] 7.25 4.93 11.73
σ0zz [Mpa] 7.25 4.93 11.73
σ0xy [Mpa] 16.86 8.14 16.22
σ0xz [Mpa] 2.22 0.38 1.952
σ0yz [Mpa] 2.005 0.343 1.757
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Table. 6.2: Cohesive parameters for studied paperboard as used in the numerical FE
simulations; n represents ZD, t represents MD and s represents CD
Cohesive Parameter Interface 1 Interface 2 Interface 3
Kn [Mpa/mm] 1097 1097 1097
Kt [Mpa/mm] 2125 2125 2125
Ks [Mpa/mm] 2430 2430 2430
tmn [Mpa] 0.29 0.29 0.29
tmt [Mpa] 0.94 1.1 0.98
tms [Mpa] 0.92 0.95 0.94
δf [mm] 2 2 2
α [-] 13 13 13
6.3 Punching creasing
6.3.1 Punching creasing experiment
To evaluate paperboard material response during a quasi-static creasing process, a
set of creasing tests depicted previously in Figure 2.5 (I) has been conducted. First,
a static punching facility with industrial based packaging male and female dies was
employed. The test probes were cut from a sheet of the same material given in Table
5.1 with the length of 120 mm and the width of 100 mm. The creasing male and
female were mounted on a Zwick Z5 machine and the samples were put on the fixed
female die as shown by Figure 6.1.
Two rigid blocks with the weight of 823 g were put on the left and right sides of the
sample in order to prevent its vertical jumping, while the sample are free to move
through their length direction. The male punched the paper samples with a loading
rate of 1 mm/min and different creasing depths of 0.2, 0.4, 0.6, 0.8 and 1 mm were
accurately implemented. In order to specify material creasing characteristics, the test
was performed for both loading and unloading conditions. In order to evaluate and
predict the paperboard anisotropic response during a real converting procedures, the
creasing test was exactly followed for both transversal (CD) and longitudinal (MD)
creasing directions and the resulting force–displacement curves were precisely
measured at different depths using Zwick SN 760962 load sensor. The obtained
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Figure. 6.1: Quasi-static punching creasing operation; I. Test rig, II. Creasing tools,
III. Preliminary FE model
results from static creasing experiments are very good reference to evaluate
paperboard converting characteristics and validate quasi-static material calibration
and numerical models as well.
6.3.2 Punching creasing FE simulation
Finite element method is an appropriate tool to evaluate creasing process
characteristics. In this way, a set of numerical simulations of static and dynamic
creasing process were precisely conducted in commercial ABAQUS software.
Quasi-static test data was firstly employed to model material definition for a static
creasing simulation. The paperboard material properties were formulated by
anisotropic continuum elastic-plastic model. Each layer indicates different material
elastic-plastic characteristics in the fundamental material orientations. In order to
describe the elastic response of the paperboard, experimentally evaluated initial yield
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stresses, elastic and shear modulus of each single layer were employed based on Table
6.1.
An anisotropic nonlinear hardening law based on Hill´s yield criterion and the
analytical material model described in Section 4.3 were implemented to formulate
material constitutive behaviour. The structure of the packaging laminate was
modeled by the parts with the same dimensions of static creasing experiments.
Moreover, static creasing tools were considered by rigid body parts according to the
real industrial creasing instrument shape and geometry as had been employed in the
previous section for punching creasing test rigs.
During the practical creasing process, the delamination was expected to happen
between the sub-layers of paperboard itself, since the generated bonding between the
paperboard and hot melted polymers are strong enough to withstand against
interface debonding. Therefore, to predict the resulting delamination on the creasing
zone, interfacial interaction was precisely modeled based on the traction-separation
law using the cohesive properties of Table 6.2. Two different criteria are available in
ABAQUS software to implement the cohesive interaction in terms of the Cohesive
Surfaces or Cohesive Zone Elements (CZM). The first approach will be defined based
the contact mechanism formulations, while for the CZM implementation the cohesive
properties are implemented as a zero thickness material between the surrounding
layers.
Through a static creasing simulation, a 2D creasing model is sufficient to predict
material response and obtain creasing parameters such as resulting forces and deformed
shape in a global point of view. However, a 3D model was further developed to achieve
local variations such as resulting delamination between paperboard composite plies.
Due to the symmetry effects of the punching creasing procedures, only the half of
the model has been simulated and the symmetric condition was further conducted as
the further boundary conditions. A 3D FE model of the above-mentioned punching
creasing operation is depicted by Figure 6.2.
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Figure. 6.2: 3D static creasing FE model including continuum and cohesive models
During 2D analysis, a state of plane strain condition with four node continuum
elements (CPE4) was considered to model paperboard laminate plies and cohesive
elements (COH2D4) were implemented for interfacial delamination analysis. In a
similar way, eight node continuum elements (C3D8) and 3D cohesive elements
(COH3D) were implemented into 3D creasing simulations. Several identical
simulations were conducted first with cohesive elements and next with cohesive
surface to find the best approach for delamination definition. In comparison to the
cohesive surface, cohesive element model leads to increased simulation efficiency in
terms of the simulation cost and convergence problems. That is why, cohesive
elements have a better compatibility for creasing simulations.
The female and holder were fixed during the loading steps and creasing load was
applied by vertical displacement on the male instrument. Because of the symmetric
condition of the problem, only one half of the overall geometry was conducted in order
to increase the simulation efficiency and save the calculation time. Different creasing
depths are investigated and resulting creasing forces and delamination were precisely
evaluated for both loading and unloading steps and the results will be compared with




6.4.1 Dynamic creasing experiments
The creasing process in a real packaging industry is performed with high speed
rotating tools based on Figure 2.5 (II) which are much faster in comparison to the
above-mentioned static procedure. Furthermore, it is of interest to validate material
rate dependent formulation and determine resulting delamination between
paperboard interfaces through the real practical creasing applications. For this
reason, an industrial oriented dynamic creasing facility was set up that can reach to
the maximum speed of 1200 m/min. The rotating male and female tools are coupled
together with the same rotation velocity, while the paperboard materials move
monotonically between the rotating tools as illustrated by Figure 6.3.
Figure. 6.3: High speed dynamic rotating creasing test rig; I. Creasing machine, II.
Dynamic creasing tools, III. Schematic overview of creasing tools and
creasing load measuring system; [courtesy of SIG]
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In order to evaluate the creasing parameters for anisotropic paperboard composites,
two different creasing chambers including transversal and longitudinal creasing tools
can be effectively employed. The experiments were preliminary started with a
relatively slow velocity till a kind of steady state condition was achieved; and
afterwards the test speeds were continuously exceeded up to the desired values. A
variety of creasing speeds and depths were comprehensively conducted and the
creasing forces were measured using high frequency load sensors mounted on both
creasing chambers. The material sliding velocity and creasing tools rotation speed
had been comprehensively coupled to each other in order to prevent any relative
slipping effects between the moving paperboard and rotating tools. Furthermore, a
pre-tension load around 2 MPa was also implemented on the sliding material for a
better adjustment.
6.4.2 Dynamic creasing simulation
Other than the commonly used creasing processes with vertical punching tools, the
dynamic creasing process in this study makes use of high speed rotating tools to
create creasing patterns along, longitudinal, transversal and diagonal to the machine
direction. In the first step towards the simulation of dynamic creasing process, a
constitutive macro-scale numerical 3D-model for paperboard material was employed
taking into account the material rate dependent experimental data. Thereby, the
geometry of the dynamic creasing tools and the kinematic characteristics of the
creasing process were considered.
Similar to static creasing simulations the paperboard material properties were
formulated by anisotropic elastic-plastic behaviour combined with Hill´s yield
criterion, while rate dependent plasticity was employed to formulate paperboard
dynamic properties. During a dynamic creasing procedure, it is very essential to
implement a correct dynamic boundary condition and process kinematic according to
a real practical creasing process. Through a dynamic creasing process, the most
nonlinear deformation with resulting stresses and delamination occurred on the
region of paperboard which is locally pressed between the rotating male and female.
Therefore, to achieve a precise FE simulation, this deformation zone was modeled




On the other hand, dynamic creasing model strongly depends on the process kinematics
and real boundary conditions; somehow the length of a moving paperboard through
the creasing chamber can reach even to 1.5 m. Hence, attributing solid elements to
model whole length generates in fact a very complicated model with huge calculation
time as well. To avoid this phenomenon and to enhance the final model, the left
and right parts of paperboard which are far away from creasing tools are modeled
using long shell section. Therefore, shell-to-solid coupling method efficiently helped
to predict material deformation, process kinematics and oscillations simultaneously.
Furthermore, it assisted in finding an accurate practical oriented simulation in addition
to save the calculation time and optimize simulation efficiency in a proper way.
Eight-node continuum elements (C3D8R) and cohesive elements (COH3D8) were
assigned to the solid part representing the laminated composite. The shell parts were
modeled with shell elements S4R. A fine discretization was exclusively employed in
the immediate creasing region with element size of 0.01 mm. Figure 6.4 shows the
3D FE-model of the dynamic creasing process.
Figure. 6.4: 3D FE-model of the high speed dynamic creasing process and implemented
cohesive elements
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In order to achieve a precise analysis of the creasing process, both explicit and implicit
dynamic analyses were compared to each other. Explicit solutions are more efficient for
such high speed process with large nonlinear deformations at a very short impact time.
In this context, the deformation of composite laminates, the delamination between
the different layers and the resulting distributed stresses in the deformed zones are
observed. To ensure the efficiency and stability of the model, and the computational
cost, various mesh discretizations were further investigated. Subsequently, the desired
outputs of the creasing process simulation were evaluated in terms of the deformation
rate, the delamination in the creasing zone and the response on the creasing forces
and the obtained results are further discussed in the next chapter.
6.5 Folding model
6.5.1 Folding experiment
During paperboard composite packaging procedures the creasing operation is employed
in order to reduce the bending strength of the sleeves. A good creasing should create
the folding lines which effectively work like a prefect hinge withing the final folding and
sealing processes. Therefore, it facilitates the folding operation and results the final
produced package with well-shaped and attractive edge corners. The main purpose
of folding test is to identify the reduced bending strength of the creased paperboard
composite in comparison to the pure uncreased board itself. The difference between the
creased and uncreased folding bending forces is conventionally termed as folding factor
FF by paperboard converting societies. It is specifically considered as an important
and effective parameter to understand and predict the material response through the
real converting process. A schematic overview of folding factor diagram is illustrated
in Figure 6.5. In the following phenomenon the corresponding calculations to identify






ds = A− B
A
(6.2)
where Fc and F0 are bending stiffnesses with and without creasing lines, respectively.
In a similar manner, folding factor is directly correlated to the area under the folding
force-angle diagram while A and B are the areas corresponding to the folding tests
without and with creasing line, respectively and C is the difference between.
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Figure. 6.5: Folding factor and reduction bending stiffness between creased and
uncreased paperboard sleeves
The folding test experiments were performed on both creased and uncreased samples
with a MARBACH Crease-Bend-Tester as shown in Figure 6.6. For the uncreased
bending, the test probes were cut directly from the reference paperboard. The folding
tests of the creased specimens were conducted on the same boards which had been
previously creased by creasing depths of 0.2, 0.4 and 0.6 mm. For both cases, the
prepared test samples with 60 mm length and 25 mm width were first fixed inside a
rotatable fixture with a gripping length of 30 mm. The folding experiments strongly
depend on an accurate implementation of the boundary conditions and test loads,
hence this clamping length and resulting contact friction is sufficient to prevent the
slipping effects between the probes and clamp during the high speed folding test.
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Figure. 6.6: MARBACH Crease-Bend-Tester rig to measure paperboard composites
folding parameters
During these experiments, the high speed folding operation is practically followed.
Therefore, the loads are quickly implemented in terms of rotation displacements of
300 deg/s around the fixture rotation centre as schematically depicted in Figure 6.7.
At a distance of 220 mm from the rotation centre a load sensor has been adjusted in
order to measure the resulting bending forces and corresponding moments. For each
configuration experiments, 10 probes are comprehensively examined. The samples are
folded till 150 degree and the final test output is recorded in respect to the resulting
bending forces and angle. The achieved results from this high speed folding test have
been performed as the reference characteristics to validate and predict the material
response through the high speed folding simulation as will be further discussed in
Chapter 7.




The numerical simulation of folding operation was generated exactly based on the
practical test experiments mentioned in the previous section. The load sensor was
identified by rigid tool part in Abaqus and the continuum and cohesive elements were
applied to model the paperboard plies and their interface behaviour, respectively. In
order to reduce the calculation time, the bending clamp was efficiently considered
using a representative reference point. Consequently, the gripping region was
completely coupled to the reference point and the rotating boundary condition was
further applied on this constraint. Since, the folding process is very fast in the use
case, the rate sensitive material formulation was used to describe and predict the
paperboard composite materials during the folding simulations.
Two different methods were examined to model the folding process. In the first
approach, all creasing loading and unloading and bending steps were included all
together in one unique FE model, while the folding analysis was defined in the last
step of the simulation. For the second issue instead, the paperboard creasing was
conducted first, and the results of the simulation were further imported into a new
simulation which has been specifically defined for folding analysis. The second
approach was more stable and efficient from the numerical point of view, since the
prescribing constraint coupling through the loading and unloading steps of the
creasing simulation, mostly lead to numerous numerical instability and higher
calculation time as well. Figure 6.8 illustrates the FE model of folding process.
Figure. 6.8: FE model for paperboard folding process
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6.6 Conclusions
A set of experimental and numerical analyses of paperboard composite packaging
process were comprehensively discussed in this chapter. The practical tests
comprehensively followed a real industrial packaging company with the real
packaging tools and material. First of all, a punching creasing test was conducted
and the paperboard creasing response through loading and unloading at several
creasing depths was investigated. In order to investigate the rate sensitive properties
of the packaging materials, the high speed rotating dynamic creasing and folding
operations were also further conducted. The most effective process characteristics
like creasing forces, folding moment and resulting delaminations were measured as
the reference configuration for validation of the process FE model.
In the next step, the FE simulations were developed to mimic the above-mentioned
packaging converting processes. Punching and high speed rotating creasing and sleeve
folding operations were specifically modeled. The most effective parameters including
material constitutive models, boundary conditions, creasing and folding tools geometry
and process kinematics were accurately conducted through the simulations based on
the real material data and process parameters. The material constitutive model was
updated based on the experimental data including specifically paperboard anisotropic
and rate sensitive characteristics. The delamination and interfacial interaction between
the sub-layers were also modeled based on the shear and out-of-plane tensile test data
in which the delamination and debonding were efficiently predicted. The obtained
numerical results will be compared with the relevant empirical validation test results
in Chapter 7.
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7.1 Introduction
In this chapter, the numerical achievements from FE simulations will be compared
and validated with the corresponding experimental test results. It is essential to
ensure that the model can accurately represent and predict the paperboard
composites and packaging converting procedures within the real use-case
applications. For the real packaging production lines, an amount of experimental
efforts and trial-error works must be employed to examine the new developments and
achieve the best configurations which needs a lot of time, energy and costs as well.
Therefore, when the accuracy and efficiency of the numerical models are correctly
validated, then the model can strongly assist engineers to design new productive
solutions and determine the next future technical issues and improvement.
Furthermore, it is a strong facility to find the efficient and short available solutions
for current problems and further challenges in addition to save time and expenses.
Paperboard converting process including punching and high speed rotating creasing
in addition to folding operation were practically performed and numerically modeled
as discussed in the previous chapter. During both experimental and numerical
investigations, the most important material characteristics and process parameters
will be exactly followed and evaluated. The FE simulations will exactly express the
converting process, while the material properties, converting tools and operational
systems were exactly employed from the packaging company studied during this
work. To validate the model accuracy, the creasing forces were measured at different
creasing depths and speeds for both punching and dynamic creasing, and the folding
factor and corresponded bending moment will be also evaluated for folding tests. For
further validation and to ensure the accuracy of the model, the obtained numerical
129
7 Results and Discussion
results should be compared with corresponding experimental data as expressed
within the next sections.
7.2 FE results and validation
7.2.1 Quasi-static punching creasing process
Regarding the punching creasing experiments and corresponded FE simulations
depicted in Figure 6.1, the obtained results are further discussed. The reference
paperboard with the grammage of 240 g/m2 were creased in both tansversal and
longitudinal directions. In this study and in order to distinguish the paperboard
anisotropic characteristics during creasing procedures, the creasing labeling is
directly related to the direction of the creasing tools alignment itself. Hence, the
creasing is termed trnasversal and longitudinal creasing are termed since the tools
are perpendicular and parallel to the paperboard machine direction (MD),
respectively. Furthermore, the creasing simulations were performed for both pure
carton and paperboard composite sleeves.
Punching creasing investigations are appropriate to validate the static material
model and quasi-static converting characteristics. The numerical results are
expressed in two main configurations, while the first one illustrates the paperboard
converting parameters in terms of the force-displacement curves for punching
creasing during loading and unloading steps. In the second step, the final deformed
shape of the creasing zone in addition to the occurred delamination are specifically
considered. It has to be mentioned that based on the conventionally agreements
within paperboard manufacturing process, a creasing depth of zero indicates that the
male tool has reached to the female top surface, while the positive values are
achieved after the male ruler creased through whole specimen thickness as
schematically expressed by Figure 2.5 (II) and Figure 7.1.
The experimental and numerical creasing forces of punching transversal creasing
operation are expressed in Figure 7.1 in respect to the creasing depths. Comparing
the evaluated forces in one configuration, it is obviously clear that the curves are
significantly similar in terms of the final shape and magnitude. In a general point of
view, the punching creasing operation is a combination of the reversible elastic,
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Figure. 7.1: Comparison of Experimental and FE simulation for transversal punching
creasing process(left); creasing depth definition (right)
permanent plastic deformations beyond and the occurred debondings and further
delaminations through the inter-layers.
Based on Figure 7.1, at small creasing depths lower than -0.31 mm, the forces could
not be completely detected during the experimental procedures. This effect is
coming from the fact that due to the very thin structure of the paperboard material,
the initial contact between the male ruler and test probes could not be absolutely
adjusted at very low punching loads. Therefore, a kind of locally misalignment has
been occurred at small creasing depths, whereas the obtained force-displacement
profile is not totally realistic at this region. For this reason and to compare the
results in a correct way, the initial part of the experimental results will be slightly
shifted in order to omit the contact slipping and further experimental flaws. The
final results are illustrated in Figure 7.2, while the measured data can efficiently
represent the paperboard creasing characteristics. The FE simulation could predict
the quasi-static creasing process very well since an excellent agreement was obtained
between the experimental and numerical achievements as represented in Figure 7.2.
The paperboard composite exhibits an elastic behaviour at creasing depths until
-0.35 mm with the highest stiffness, while the measured and predicted elastic
stiffness are comprehensively fitted to each other. Subsequently, the initial slope of
the creasing forces are decreased when the plastic deformation occurred at higher
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Figure. 7.2: Comparison of Experimental and FE simulation for transversal static
creasing process after shifting
creasing loads. In this stage, the deformation mechanism includes mainly the
permanent plastic behaviour and the relative sliding between the plies happened at
creasing depth of -0.2 mm. When the maximum interface strength is reached, the
inter-layer debonding is occurred and the resulting crack between the layers will be
further propagated due to the relative sliding resulting at higher creasing depths. At
this point, the delamination is mostly a dominating parameter for creasing analysis.
When the interfacial strength is fully degraded the paperboard material represented
again a stiffer behaviour during very high creasing loads as clearly detected by both
FE and experimental results at creasing depths higher than 0.3 mm. This effect is
obviously predicted by higher creasing stiffness in Figure 7.1 during larger creasing
loads.
Subsequently, the corresponding experimental and simulation results for the
longitudinal creasing are presented in Figure 7.3. In comparison to the former case,
the longitudinal creasing operation resulted relatively smaller forces, since the
creasing tools are parallel to the fiber orientation in machine direction (MD).
Nevertheless, the three above-mentioned deformation regions are strongly identified
through the longitudinal creasing FE simulations as well. For both transversal and
longitudinal creasing simulations, the permanent deformation after unloading is
approximately compatible with the relevant experiments. In the meantime, the
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simulations predict a kind of linear elastic unloading, especially for small creasing
depths lower than 0 mm. The main reason of this behaviour is related to the
out-of-plane constitutive formulation of the material model. In reality, the
paperboard is naturally a porous material while during a through thickness pure
compression it will be further stiffer and a kind of densification will occurr. These
effects are more noticeable for the creasing regions between the male and female dies
which directly undergo pure comperssive loads. As it was already discussed,
Figure. 7.3: Comparison of experimental and FE simulation for longitudinal static
creasing process
paperboard composite have several plies with complex material and interface
properties across the thickness. Therefore, the response of these composite laminates
through packaging converting procedures is indeed a combination of material
elasto-plastic and interfacial behaviour. During the creasing operations, the outer
layers have considerably stiffer material properties in comparison to the middle
layers; and they are directly in contact with the external rigid tools. For this reason,
due to the bending response withing punching creasing, the middle layers have free
upper and lower edges that make them for more flexible to face relative sliding and
shear deformations. Hence, the most resulting stresses and further deformation
inside the middle layers occur in terms of shear deformations and corresponding
delaminations and that was clearly shown through the experiments. The FE
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simulations can effectively predict and present the shear deformation during the
creasing process as shown in Figure 7.4. The simulation results, represent that the
most shear strains are generated on the regions located between the male and female
tools and they are significantly higher at larger creasing depths.
Figure. 7.4: Resulting shear strain distribution on the creasing zone at different
creasing depths, transversal creasing (left) and longitudinal creasing
(right)
As far as the preliminary validations of punching creasing process were accurately
obtained within the practical applications, further investigations of paperboard
converting procedures can be effectively followed. Therefore, to evaluate the rate
sensitive material effects on the creasing process, a set of simulations were
specifically developed based on the dynamic material models explained in Section
5.4. Three creasing speeds were separately implemented through the simulations as
the benchmark analyses and the numerical results were expressed by Figure 7.5. One
can see the punching process clearly represents the speed dependent variations. At
the creasing depths below -0.35 mm the resulting forces did not show any speed
dependency since the material is still in the elastic regime and afterwards the
paperboard composite behaves stiffer in respect to the higher creasing speeds. In
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comparison to the reference fully quasi-static simulations at 1 mm/min, the creasing
force at 400 mm/s was 17% stiffer.
Figure. 7.5: Punching creasing process based on dynamic material FE Simulation
7.2.2 High speed rotating dynamic creasing process
A creasing process in the real packaging industries is very fast and the resulting
deformation speeds are high. In comparison to the conventional punching creasing
process, this high speed rotating creasing operation is comprehensively sensitive to
the real boundary conditions of the real use cases. To meet the requirements of the
first issue, the rate-dependent material model was effectively conducted during the
dynamic creasing simulations since it can predict material response more accurately.
Furthermore, it is essential to ensure that the model can precisely simulate the
correct process boundary conditions, kinematics and the interaction between the
tools and the material.
First of all, a set of FE simulations were conducted in order to achieve the best
representative length in which can describe the real applications and cause appropriate
simulation in terms of efficiency and cost. The results are depicted in Figure 7.6 in
respect to the creasing forces based on different model lengths.
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Figure. 7.6: Solid-shell combination with solid length of 8 mm and variable shell
lengths between 0 and 500 mm
Considering the solid-shell coupling mentioned in Section 6.5, the solid part including
paperboard composite material has the length of 8 mm, since it is long enough to
represent the final deformation and delaminations. In the meantime, different shell
sections with various lengths till 500 mm are separately conducted on the both left
and right sides of solid part. For the same material properties, the shorter models
showed a stiffer material response since the implemented boundary conditions were
not perfectly realistic. Therefore, the simulations were followed with longer length
till a reproducible and length independent condition was obtained within the dynamic
creasing forces. In this situation, it can be efficiently assumed that the simulation
is purely describing the dynamic forming process without any external parameters
dependency. Based on Figure 7.7, the plateau is observed in the resulting forces at the
length of 1008 mm and the longer lengths did not cause large effects on the simulation
results. Therefore, this length is finally chosen as the reference configuration length
which is almost close to the real length of a moving web inside a dynamic creasing
chamber.
The resulting creasing forces are illustrated in Figure 7.8 in respect to the tool rotation
angles. The rotation angle of 0° is refereed to the position when the male and female
tools reach to each other and their polar axes are exactly coincided together. To
distinguish the influence of the material rate sensitivity on the process characteristics,
the simulations were performed with both quasi-static and dynamic models. In a
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Figure. 7.7: The effect of the model length on the final dynamic creasing simulations
general point of view, all models predict asymmetric creasing forces due to the fact
that a combination of elasto-plastic deformation and delamination happened through
this dynamic creasing operation. At the initial rotation angles the material is still in
the elastic regime, the predicted forces are identical and all curves expressed the same
slope.
As far as the elastic response is vanished, the slope of each curve is reduced since the
occurring plastic deformation and further inter-layer debonding are the dominating
factors. Finally, on the rotation angles near to -1°, the smallest inclination is identified
because the delamination occurred due to the relative sliding between the paperboard
composite plies. Based on the rate dependent material assumption, the paperboard
composite showed stiffer behaviour at higher operational speeds in which the evaluated
creasing forces were increased in respect to the higher process speeds. To validate the
high speed creasing process, the deformation pattern on the creasing zone and the
corresponding delamination are compared with the relevant experimental test data.
Figure 7.9 indicates the debonding inside the paperboard composite after creasing for
experimental and simulation investigations. The delaminations between the layers are
cleared with black dots in the experimental microscopic picture; whereas the similar
delaminations were predicted through the numerical models which are figured out by
red regions in the simulation result. In the reality, the fiber components of a pure
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Figure. 7.8: FE simulation results for dynamic rotating creasing process
paperboard are not perfectly distributed on the artificial straight planes, and they are
considerably oriented through the paperboard thickness as well. For this reason, the
delamination of the paperboard composite plies will not exactly happen on the straight
planes between the sub-layers and will be occurred randomly instead. Furthermore,
the resulting delaminations mostly observed on the creasing zone, and for the real
packaging it is very important to control and restrict them only on this region in order
to avoid the crack propagation inside the package walls.
Figure. 7.9: Delamination during dynamic creasing; (a) experiment, (b) simulation
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7.2.3 High speed folding process
Figure 7.10 represents the simulation and experimental results for paperboard folding
based on a reference case. The simulation and experiment were proceeded as previously
discussed in Section 6.5. For this case, the paperboard samples were first creased with
a creasing depth of 0.0 mm (the male tools exactly reaches to the top surface of
the female die) since it is comprehensively in the same range of the real practical
applications of this studied work. Afterwards, the creased samples were precisely
folded according to Figure 6.8 as was already described in the previous chapter. The
final obtained results are expressed in terms of folding force in respect to the rotation
angles. The FE simulations clearly predict the paperboard folding operation and it
Figure. 7.10: Comparison between experimental and FE simulation for dynamic
folding process; reference case
is observed that both experimental and simulation results are fitted together in terms
of final shape, magnitude and folding pattern. For the real packaging processes, the
bending stiffness of the force-rotation curves, maximum bending force, folding factor
and final folding pattern are the most important characteristics for folding analyses.
Comparing the simulation and experimental results, the initial slopes of the curves fit
together and the maximum folding forces are predicted at the folding angles of 27°
which is close to the corresponding experimental values at 24°.
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Since the maximum folding forces are reached, the folding forces are considerably
decreased due to the fact that the delaminations are the most prominent parameter
after higher folding angles. Hence, the inter-layer interfaces are already debonded
and the occurring cracks are widely propagated. Furthermore, at higher folding loads
the normal separation is happened through the paperboard thickness while a kind of
bulging is mostly observed. However, at the very high folding angles of more than
80°, higher folding forces were predicted. The main reason of this phenomenon is
related to the compressive loading between the internal fibers and inner plies surface
interaction (especially in the folding corners) after a fully degradation in addition
to the paperboard outer surfaces contact interaction when they touch each other at
higher folding angles. For this reason, a kind of springing back effects are happened
in which result the higher folding forces at higher folding angles as predicted by both
experimental and simulation results.
To ensure the accuracy of the model, the experimental microscopic pictures and
simulation folded contour plots are expressed by Figure 7.11. Therefore, different
folding angles were chosen for further investigations as have been marked by red
circles in Figure 7.10. For the chosen points, the folding pattern of the simulations
are compared with the deformation shape of the reference paperboard which was
folded in the similar way during the real packaging process.
In the position A of Figure 7.11, the resulting initial separations between the
paperboard plies just after creasing operation are clearly depicted. Afterwards, since
the creased paperboard is being folded, the delamination and interfacial crack are
mostly propagated on the folding region as shown at positions B and C from Figure
7.11. The resulting delamination is mostly concentrates inside the paperboard
middle plies and the top and bottom plies are mostly faced with the continuum
tensile and compression stresses instead. Furthermore, the interfacial interaction is
not restricted only to the inner plane between the layers, but a kind of fiber bridging
can also happen through the thickness and the folding region is more bulged. The
second stiffening issue mentioned by point D in Figure 7.10 is contributed to the
situation when the inner plies are again elsto-plastically deformed and inter-layer
contact interaction strongly influences the folding results. In a similar way, the
contour plots of the folding simulations were evaluated at the configuration points,
while the corresponding delaminations and openings are clarified by red areas in
Figure 7.11. Comparing the simulation and experimental folding shapes, it can be
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Figure. 7.11: Comparison of folding pattern based on FE Simulation (left) and
microscopic image of a real practical application (right)
concluded that the FE model can efficiently predict and determine the final folding
pattern at different rotating angles for the high speed folding procedures.
Since, the preliminary configurations work well and the precise agreements between
folding simulations and experiments are achieved, the FE model will be efficiently
employed for further use case applications. Therefore, the folding simulation were
conducted at different creasing depths and the Figures 7.12 and 7.13 represent the
transversal and longitudinal folding results, respectively. For both cases, the folding
stiffness and the maximum forces are considerably reduced at higher creasing depth,
since the paperboard composite has been already delamianted and has weaker
properties. Regarding the folding characteristics, the transversal folding simulations
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Figure. 7.12: Comparison of experimental and FE simulation for dynamic transversal
folding process
predict higher values in comparison to the longitudinal ones, while the obtained
numerical achievements agree the relevant experimental test results.
Figure. 7.13: Comparison of experimental and FE simulation for dynamic longitudinal
folding process
The folding model could predict paperboard folding operation well, especially at the
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creasing depths which belong in the range of the real packaging production process.
For this reason, the folding factor as one of the most important and applicable
characteristics is evaluated from FE simulations. The folding factor calculations are
followed based on the formulations mentioned in Section 6.5.1. Tables 7.1 and 7.2
presents the evaluated folding factors of the reference paperboard laminate based on
the experimental and numerical simulations. Comparison between the experiments
and FE simulations showed a very good agreement; especially for the creasing depth
of 0.0 mm and beyond which is completely in the range of the real use case
applications.
Table. 7.1: Paperboard laminate transversal folding factor based on experimental and
FE simulations
Transversal Folding Factor




Table. 7.2: Paperboard laminate longitudinal folding factor based on experimental and
FE simulations
Longitudinal Folding Factor





7 Results and Discussion
7.3 Conclusions
The simulation of the paperboard laminates converting process were conducted and
the numerical achievements were comprehensively compared and validated with the
relevant experimental results. The numerical model was employed for paperboard
laminates punching and high speed dynamic creasing and folding operations. The
fundamental process characteristics which are more crucial within the paperboard
packaging process were precisely extracted through the FE simulations.
Simultaneously, the empirical test rigs relevant to the above-mentioned converting
operations were correctly prepared and the experimental test data were employed to
validate the model accuracy.
A very good agreements were observed between the obtained numerical results and
available experimental data. For the creasing simulations the resulting creasing forces
were fitted to the real practical ones; and the folding simulations could also effectively
mimic the real process in terms of the folding factor, maximum folding forces and
resulting delaminations and deformation profile. Consequently, since the accuracy of
the obtained model was precisely ensured and validated, it will be further employed
for the process developments and material optimizations. For this reason, several
attempts will be further investigated to employ the current model for the large use
case applications and the results will be expressed in Chapter 8.
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8.1 Introduction
During the previous chapters, the paperboard materials composite structures and
packaging converting procedures were widely discussed. The experimental test
procedures were comprehensively required to identify material characteristics and
examine the real practical converting process. Afterwards, the model was correctly
validated based on the real use case experiments and very good agreements were
observed between the simulations and test results. For the real packaging production
lines, an amount of experimental efforts and trial-error works must be employed to
examine the new developments and achieve the best configurations which needs a lot
of time, energy and costs as well. Since, the accuracy and efficiency of the
simulations are correctly obtained, then the model can strongly assist the engineers
to try the new productive approaches and determine the next future technical issues
and improvements. Furthermore, it is a strong facility to find the efficient and short
available solutions for the current problems in addition to save time and expenses.
Furthermore, it is rather of interest to figure out the capabilities of the validated
model to predict the behaviour of other paperboard composite types or converting
tool influences for the practical packaging industries.
8.2 Material optimization
The influence of material characteristics on the creasing and folding operations will be
further studied. Considering the original material data represented in Tables 6.1 and
145
8 Potential Analysis of Material and Process Optimization
6.2, the continuum and interface properties will be artificially changed into the softer
and stiffer values and the creasing and folding simulations will be further updated
based on these new alerted material properties. By comparing the new simulations
with the original ones, it is strongly an efficient way to understand and evaluate the
portion of each material characterizations on the real converting applications. During
the carton manufacturing process it is possible in the parallel to change the carton
plies properties by using different fiber types and additives in order to create the softer
or stiffer paperboard. Furthermore, the interface strength between the paperboard
plies can be also varied by adding chemical fines or controlling drying procedures [3].
Therefore, the new simulation results are considered as the representative benchmarks
to optimize the material properties during the carton production process based on the
new demands and applications.
8.2.1 Material continuum characterization
In the first step, the effect of material continuum characteristics on the converting
procedures will be followed. For this reason, the all elasto-plastic material properties
of the reference paperboard have been changed by the factor of +50% and -50%
which represent the manipulated softer and stiffer plies, receptively. The constitutive
model is then updated based on these new material parameters and the creasing
operations are simulated for each cases. The creasing tools, corresponded boundary
conditions and above all the cohesive properties are not changed during these
simulations. The resulting punching creasing forces based on different continuum
properties are illustrated in Figure 8.1 in which the difference has been obviously
identified through the FE simulation results. For these simulations, the elastic
modulus, initial yield stress and plastic hardening stresses of the original material
have been manipulatively scaled with the factors of ±50% . By comparing the
reference and scaled materials creasing simulations, it is observed that the changing
of the continuum properties directly influences the creasing forces almost with the
same factor of the material stiffening itself.
Moreover, the dynamic rotating creasing simulations have been also regenerated
based on the scaled material properties and the results are presented in respect to
the creasing forces in Figure 8.2. The difference between the creasing forces of
reference and scaled materials is almost evaluated with the same tendency of
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Figure. 8.1: The effect of continuum properties on punching creasing process
manipulated punching creasing simulations as previously discussed. By the way, the
softer material creasing simulation predicted almost symmetric creasing forces.
Figure. 8.2: The effect of continuum properties on dynamic creasing process
8.2.2 Material interface characterization
The influence of the paperboard interface properties on the converting procedures
has been also separately examined. Similar to the continuum behaviour alerting
investigations, a set of simulations were especially set up based on different alerted
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cohesive properties. The original maximum interface strength tmaxi was manipulated
by +50 % and -50% and the cohesive interaction between the paperboard composite
plies were correctly updated based on the traction-separation model represented by
Equation (4.118). The continuum characteristics of each layer are then constant
based on the reference material data.
Figure 8.3 shows the comparison of the creasing forces-displacement curves in respect
to the different interracial strengths. In comparison to the alerted continuum
simulations, the pure cohesive changes have the minor effects on the creasing process.
The initial part of the creasing forces till the creasing depth of -0.3 mm are
independent to the interface strength changing; since the material is still in the
elastic region and the normal separation and relative sliding between the layers are
not significant. However, the maximum creasing forces at higher creasing depths of
around +0.3 mm are almost leads than 7% stiffer or softer in comparison to the
original case. Therefore, it can be understood that the creasing process of the
studied paperboard is mostly dominated by the material elasto-plastic continuum
properties compared to the interfacial interaction. In a similar way, the effects of
Figure. 8.3: The effect of paperboard interfacial properties on punching creasing
process
paperboard interface properties on the dynamic creasing process are depicted in
Figure 8.4. For this reason, the rotating creasing simulations have been updated
according to the alerted cohesive properties and the final obtained creasing forces
will be compared in terms of their shape and magnitude. Changing of the interfacial
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strength values has the slight influence on the dynamic creasing procedures
simulations; since the difference between the reference and manipulated interface
properties are not very noticeable as illustrated in Figure 8.4. The updated models
Figure. 8.4: The effect of paperboard interfacial properties on dynamic creasing process
based on softer and stiffer material and cohesive properties revealed that the pure
continuum properties have greatly higher influence on the paperboard composites
converting procedures. During the creasing simulations, the effects of the through
thickness elastic characteristics are almost inconsiderable since they are relatively
lower than the in-plane elastic properties, and the plastic deformation is a dictating
factor within the creasing procedures [3]. Furthermore, the paperboard composites
out-of-plane shear response is mostly softer than the pure normal continuum
properties which dominate the material plasticity behaviour.
8.2.3 Material shear characterization
In order to distinguish the effects of the pure shear properties on the final creasing
process, the next simulations will be performed in respect to the manipulated shear
characteristics. The normal continuum and interfacial properties are then kept
constant based on the original material parameters and only the shear yield stresses
σ0ij have been scaled to softer and stiffer values with the factors of ±50% . The
creasing forces based on manipulated shear properties are determined and compared
with the original material creasing forces as they are expressed in Figures 8.5 and 8.6
for punching and dynamic creasing processes, respectively. In comparison to the
previous numerical simulations for the scaled continuum and interface properties, it
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Figure. 8.5: The effect of paperboard shear properties on punching creasing process
is figured out that the paperboard out-of-plane shear behaviour has the most
important influence on the creasing simulation results. Comparing the creasing
simulations of manipulated continuum properties in Figures 8.1 and 8.2 with the
simulations of scaled shear values illustrated in Figures 8.5 and 8.6, it can be
identified that the scaling of the shear properties themselves caused almost the
similar influence on the creasing results if only the whole continuum properties had
been scaled. Hence, it is concluded that paperboard creasing procedure is mostly
shear dependent and this effect is more considerable for the down scaled properties.
The manipulated material FE creasing results are compatible with the similar
studied works [3] and can be employed for material optimizations during the real
creasing applications. In order to understand the material properties on the folding
procedures, several simulations were conducted based on the manipulated continuum
properties with the scaling factors of ±50%. The paperboard composite was creased
under the certain creasing depths of 0.0 and 0.4 mm first; and afterwards the creased
composites were further folded till 80°. For each simulation, the maximum folding
moment was correctly evaluated from the FE simulations and compared in respect to
the creasing depths and material scaling factor. The obtained numerical results are
represented in Figure 8.7.
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Figure. 8.6: The effect of paperboard shear properties on dynamic creasing process
Figure. 8.7: The effect of continuum properties on the folding process
For the smaller creasing depths at 0.0 mm since the material plastic deformation is
still the most influencing factor on the converting operation, the difference between
the predicted folding moments of softer and stiffer materials are considerable as it is
clear in Figure 8.7. Nevertheless, the evaluated folding moments at higher creasing
depths at 0.4 mm do not represent very big difference in the predicted results, while the
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softer and stiffer material folding moments are almost in the same range of the original
material. This issue is coming due to the fact that for the higher creasing depths the
interfaces between the paperboard composite plies are already fully degraded. For this
reason, when the delamination has occurred inside the inner plies, then the stiffening
or softening the material itself does not have a huge influence on the final determined
folding moments. Consequently, paperboard folding operation is mostly affected by
the interfacial cohesive behaviour in comparison to the material continuum properties
themselves.
8.3 Conclusion
It is always of interest to optimize a converting process performance based on the user
defined tools shapes and optimize the final package performance, shape and quality by
testing different types of paperboard composites. For examining the above-mentioned
issues within the real industrial packaging applications a lot of trial and error attempts
have to be conducted in which needs undeniable time, expenses and energy as well.
As far as the obtained FE model was correctly validated based on the representative
test experiments, then it can be efficiently employed to simulate the packaging process
performance according to the new technical and operational demands.
For this reason, the fundamental converting operations including punching and
dynamic creasing and folding procedures were further mimicked based on the
validated model. In order to understand the material characteristics effects on the
converting procedure performance, the original paperboard were manipulated with
softer and stiffer factors and its continuum, interface and shear influences were
individually followed during the converting simulations. From the material point of
view, it was understood that the creasing process is mostly dominated by the
paperboard shear properties, while the interfacial and inter-layers strengths are the
dictating parameter for the folding process.
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Compared to conventional composite structures, the flexibility and environmental
compatibility of paperboard composite materials make them particularly popular for
food and beverage packaging applications. These complex composites consist of
multi-layer sandwich laminates, including carton board as their main component,
which itself comprises different plies. In order to preserve the taste and quality of
content products and protect them against light, odor and external contamination,
one thin aluminum foil in addition to several polymer layers are extruded on the
pure paperboard sides. Therefore, this coated thin composite structure leads to
considerably more efficient and lightweight structural characteristics in comparison
to traditional packaging materials.
The main goal of a packaging converting process is to create attractive and
well-shaped commercial packages. This can be achieved by a sequence of creasing,
folding and sealing procedures. Perfect creasing lines should cause local material
deformation according to a pre-defined pattern to reduce material bending stiffness,
which can facilitate subsequent steps including creasing and folding operations.
During these converting operations, all technical requirements, e.g. packaging
permeability and robustness, must be fulfilled as well. Any potential issues during
production might negatively influence the quality of the final products, resulting in
for example structural instability, rupture of thin layers and inter-layer delamination.
Thus, to guarantee the desired quality, the paperboard composite material behaviour
and inter-layer characteristics must be thoroughly investigated, especially in terms of
high-speed converting processes.
In addition to material characterization, it is also essential to focus on the packaging
procedures themselves in order to understand the interaction between material and
tools. During creasing and folding operations involved in the processing of a carton
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pack with high operational quality, it is a challenging task to limit the resulting
deformation and needed delamination to the predefined creasing pattern and to
prevent material structural defects and crack propagation through the final package
walls. Furthermore, the design of new tools and the optimization of process
performance and efficiency are of great scientific interest. For this reason, packaging
industries perform a lot of trial-and-error works to ensure operational necessities as
well as examine the performance of new materials and tools. Needless to say, these
efforts consume a tremendous amount of time, energy and operational expenses.
To achieve the above-mentioned technical requirements and optimizations, the
mathematical models and corresponding numerical simulation methods pose
promising solutions to describe the material response and mimic the converting
process, such as creasing and folding, especially at very high operational speeds.
However, most studies concerning paperboard and its converting procedures have so
far been dedicated to static analyses, which are mainly suitable for low-speed
converting processes. In contrast, the industrial production line studied throughout
this work is a process involving an extremely high speed; therefore, a dynamic
analysis was essential to precisely describe the material response including the
resulting high deformation rates. Regarding the specific geometry, high production
speed and extensive nonlinearities that occur during a paperboard converting
process, the set-up of dynamic converting process analyses is required.
Firstly, it was essential to establish appropriate test facilities for experimental
measurements and evaluate the rate-sensitive material properties of paperboard
plies. Even though several pre-examined standards and practical methods already
exist for paperboard material test experiments, they are all suitable exclusively for
quasi-static test procedures. Furthermore, it was a challenging task to follow and set
up such a high dynamic tensile test rig with accurate and precise measuring systems
that were appropriate for these very soft and sensitive material dynamics. Hence, the
first crucial task of this research work consisted in the design and development of
new test facilities and suitable measuring techniques, which enable the accurate
evaluation of the rate-dependent properties of each single layer of paperboard.
In order to evaluate the material properties of each single layer, an entire carton
board was firstly split into its constituent plies using an enhanced grinding machine.
A set of uni-axial tensile experiments was completed for both quasi-static and
dynamic tensile tests. The experimental results showed a high amount of anisotropic
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material parameters for paperboard layers. In order to represent this anisotropic
response and describe paperboard mechanical properties, three principle material
directions termed Machine Direction (MD), Cross Direction (CD) and through
thickness out-of-plane direction (ZD) defined. Each layer possessed elasto-plastic
material characteristics that were considerably stiffer in the machine direction
compared to the cross direction, since most fibers have already been orientated in the
moving web direction during the board manufacturing process. All material
parameters required to formulate the paperboard material constitutive model, such
as elastic modulus, yield stresses and plastic hardening flow, were specifically
identified with respect to the different material principle orientations. Furthermore,
strain rate-sensitive analytical models were developed based on high-speed test
measurements. In comparison to conventional static analyses, the rate-dependent
material model is much more appropriate for the evaluation of paperboard converting
procedures at high operational speeds that involve enormous deformation rates.
Besides common tensile test procedures, an enhanced practical method was
specifically developed to identify paperboard composites through thickness shear
properties. Two different methods were conducted, i.e. the rigid block shear test
(RST) and the double notched shear test (DNST). Using RST, the out-of-plane
shear stress-strain curves of each single layer were evaluated; however, DNST was
employed to measure the maximum shear strength profile through the whole
paperboard thickness. The obtained material characteristics were further used to
calibrate and set up the material modeling of paperboard converting FE simulations.
Finally, the z-directional tensile test (ZDT) was performed on the pure carton
boards, whereby results were obtained in the form of traction-separation curves.
Although the out-of-plane tensile properties had minor effects on material continuum
modeling itself, they were precious to formulate the interfacial behaviour and predict
the delamination between layers during a realistic packaging converting process.
Numerical simulation is one of the most promising methods to mimic converting
operations, predict material response and identify significant operational
characteristics during creasing and folding procedures. For this reason,
comprehensive numerical investigations were conducted within this research work to
set up and develop accurate simulations of the paperboard composite converting
process. The Finite Element Method (FEM) was applied to solve this issue using the
commercial Abaqus software. The developed numerical model consisted of both
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continuum and interfacial formulations. To describe the paperboard constitutive
properties, a rate-dependent anisotropic elastic-plastic formulation using Hill´criteria
was employed based on the obtained tensile test results. In addition, the interaction
between different layers and corresponding delamination during creasing and folding
were also modeled by an anisotropic constitutive traction-separation formulation
with respect to the relative sliding and opening of neighboring interfaces.
Phenomenological elasto-plastic material models were introduced based on
anisotropic and strain rate-sensitive material characteristics. To model the
debonding and resulting delamination between different layers, the cohesive models
available in Abaqus were applied to the interfaces as well. Two different creasing
operations including punching and dynamic rotating creasing - being the two
fundamental creasing options employed in the packaging industry - were accurately
studied during FE simulations. In the first case, the quasi-static tensile test data
were used for material modeling and process analysis. Subsequently, the high-speed
creasing process using dynamic rotating tools was developed based on rate-dependent
material models. The folding simulation as one of the most challenging parts of this
study was also explored by FE simulations. The fundamental process characteristics,
such as boundary conditions, process real kinematics and tool geometry were also
studied in terms of the industrial packaging process.
Consequently, the obtained numerical models were compared and validated according
to relevant experimental test experiments. In this case, the sets of creasing and
folding experiments were performed in an actual industrial packaging plant, and the
most influencing variations and converting parameters including creasing forces,
folding factor and resulting delamination and deformation patterns were
comprehensively explored to validate the accuracy of FE results. For creasing tests,
the resulting forces were identified at different creasing depths and speeds for both
punching and dynamic creasing in addition to the folding factor and resulting
delaminations were further evaluated for folding test experiments. Simultaneously In
a parallel way, the FE simulation for each experiment was separately issued, and
numerical results were compared with relevant experimental data. A very good
agreement was achieved between FE model and experiments, proving the model
accuracy and the capabilities to efficiently predict and optimize the highly dynamical
process performance.
Conclusively, the current work resulted in a simulation platform and validated
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numerical framework, which can precisely predict and model the packaging
converting procedures of complex paperboard composite laminates. In addition to
the studies conducted throughout this work, the final validated simulation framework
is able to explore and assist packaging industry procedures for future investigations,
in particular:
• Examine new generation of packaging material with desired operational
performance
• Consider the influence of different converting tool shapes on the packaging
performance and quality
• Experimental and numerical investigations on speed-dependent interfacial
behaviour and delamination between paperboard composite plies
• Optimize the most significant and effective parameters influencing the packaging
performance and efficiency
• Understand and mimic the kinematic characteristics of the industrial packaging
process
• Simulate the entire package forming, sealing and filling process
• Predict the stability and long-term behaviour of food and liquid packages during
logistic and transportation
• Identify the temperature- and moisture-dependent behaviour of paperboard
composite materials
• In-depth investigation on heat transfer and phase transition of paperboard
laminates during package sealing at high operational temperatures
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